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ABSTRACT 
This thesis is a study of the mechauisms by which granitic magma:; rise through t.hc crust. to 
be emplaced at a level above their source, with particular reference to diapirism, and how t.hc~e 
mechanisms may be analysed by combined structural and petrological studies. The Northern 
Arran granite is used as au example of how this problem may be approached. 
The Northern Arran granite is a. two component granite of Tertiary age intruded iut.o 
structurally heterogeneous upper crustal rocks nuder regional tension. A synform couceut.ric to 
the granite. synchronous with the development of a narrow thermal aureole, records the vertical 
ascent of a single body of magma with a hemispherical upper surface. Post. ascent .. radial 
expansion of this body. indicated by flattening strains parallel to its surface and superilllpos\'d 
on the concentric synform records a change in shape of the pluton. This wa..o; perlllit.t.ed by t.he 
reactivation of au existing fault which the pluton iutersect.ed duriug its ascent.. 
Petrological studies of the outer coarse unit of the northern granite iudicat.e that. it. is 
a single body of magma derived by differentiation of a crustally contaminated basaltic source. 
Theoretical modelling of the crystallisation of the coarse granite shows that text.uml aud chemical 
variations, are cow;isteut with solidification by sidewall crystallisation (liquid fractionation) but. 
not fractiou<tl crystallisation. The inner (younger) fine granite is also a single body of lllill{lllit 
derived from the same or a similar source as the coarse granite. The sharp uudeformed cont.ads 
between the coarse and fine granites aucl the presence of internal sheets in the fine granite pamllel 
to its contacts with the coarse granite arc consistent with emplacement of the fiuc granit.e it.'i it 
series of pubes which filled a propagating· ring dyke fracture within the coarse grauite. 
Theoretical modelling of the ascent of the coarse granite using the Hot. Stokes equation 
indicates that bouyancy driven aHcent aided by a reduction in wall rock viscosity controlled by 
the rate of heat loss of from the granite is a viable ascent mechanism. 
The patterns of strain in the aureole of the Northem Arran granite result from the ;L~cent. 
and emplacement of a single diapiric body. They provide examples of the types of st.rud.urc 
which may be used to recognise and distinguish between diapiric aHcent. and mdial expansion. 
This has important implications for the study of ballooning diapirs. The reactivation of an 
existing fault. system Juring emplacement. suggests that exiHting crustal structure c;tn influence 
the final geometry of au intrusive body. 
lt is shown that the complete evolution of the Northeru Arran granite can be determined 
using a combination of st.ructuml and petrological data. Structural data provides constminb 
on the later stages of ascent and the Clllplacemeut of gr;mitic plutons. Petrological data can be 
used to constrain the origin. early stages of ascent and the crystallisation of a magma body. 
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CHAPTER 1 
THE ASCENT AND EMPLACEMENT OF GRANITIC MAGMA 
A revi!!W of the literature. in general makes it obvious that we do not yet have 
dependable crih!ria that. are acceptable to geologists as a whole to distinguish between 
the products of the different mechanisms of emplacement. There would also probably 
be little dissent from the view that. such geological problems will not he so~ved by 
field geology alone. but by retention of what seems good in old ideas with constant 
rethinking and co-ordination of new hypotheses. of data from new experiments allCI 
Hew laboratory studies. and of new results of field geology aided by the rare "flash of 
insight" new idea. 
A. F. lluddington. 19f.i9. 
The majority of granitic bodies are intrusive. At the present surface they are 
found in rocks from which they cannot have been directly derived. The exceptions 
to this are the the migmatite complexes and those granites produced by fraction-
ation of basaltic magma within a closed chamber. The object of this thesis is 
to investigate the mechanisms by which granitic magmas rise through the crust 
to be emplaced a.t a. level above that at which they originated, and how these 
1i1echanisnis may be resolved by integrated structural and petrological studies. 
The Northern Arran granite is used as a.n example of how this problem may be 
approached. 
It is possible, from exposed granitic intrusions to collect a great deal of data 
which may be used to elucidate the final stages of their ascent and their emplace-
ment. However these data may not immediately reveal much about the evolution 
of the granite a.s it rose through the crust. It is possible to envisage the evolution 
of a. granitic magma. during ascent from its source to its level of emplacement as 
a kinematic process involving constant physical and chemical modification a.s it 
interacts with the crust. The crystallised magma exposed at the surface records 
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the cumulative effect of these modifications, but may not directly record the pro-
cesses which produced them. Similarly studie~ of aureole deformation and fabrics 
within a granite can reveal much about its mechanism of emplacement and crys-
tallisation, but little about its actual ascent. 
Major questions facing researchers working on granitic magmas are: What is 
the nature of the processes effecting the magmas during ascent? How significant 
are their effects? and how can they be recognised? Once these questions have 
been resolved it may be possible to understand the origin of granitic magmas. 
1.1 The Granite Problem: Implications for the Ascent of Granitic 
Magma. 
A great deal of previous and current work, largely on the petrology of granites 
is devoted to finding a solution to what is commonly referred to as 'the granite 
problem': Are granites of igneous, metamorphic or metasomatic origin? The 
study of this problem is largely beyond the scope of this thesis, although it is 
clear that much of our current understanding of the ascent and emplacement of 
granitic magmas is derived from the investigation of this problem. 
Early evidence for an igneous origin of granitic magmas was drawn from field 
studies which showed that granitic bodies were clearly intrusive and that large 
intrusive bodies have dicordant contacts with the country rocks into which they 
were emplaced ( Cloos, 1923; Daly, 1933; Balk, 1937). However it was recognised 
that the volume occupied by intrusive bodies was larger than that which could 
be explained by dilation of the country rock, and that a 'space problem' existed. 
0 
Cloos (1923) attempted to resolve this problem by envi~ing large batholiths as 
sheets, the emplacement of which present less of a space problem, although verti-
cal or horizontal extension of the crust was still required to accommodate them. 
Opponents of a magmatic origin of granite favoured a metamorphic or metaso-
matic origin which did not constitute a space problem since this theory envisaged 
2 
production of granite by transformation of pre-existing rocks and did not require 
an increase in the volume of the crust. An early proponent of this theory (Seder-
holm, 1907) invoked the term migmatites to describe granites produced by partial 
melting (or anatexis) of crustal rocks. 
It is clear at this early stage of the study of granitic rocks that the origin of 
granitic magma favoured by particular researchers was strongly influenced by their 
own field observations. From these observations it was recognised that granites 
occur in a variety of settings which were generally related to what are now re-
ferred to as orogenic belts. Eskola (1932), who regarded all granites as magmatic, 
classified them as syn-, late-, or post-tectonic according to their association with 
phases of regional metamorphism and deformation. This classification (in various 
forms) remains in use, and has clearly influenced current approaches to the study 
of the ascent and emplacement of granitic magma. 
Eskola (1932) regarded syn-tectonic granites as those which were gneissose, 
concordent with· the country rock (having gradational contacts) and containing 
abundant inclusions of basic material. Late-tectonic granites were defined as dis-
cordant ( ~r only partially concordant), even grained and rarely gneissose. Post 
tectonic granites lacked a gneissic fabric and hence were considered to have been 
intruded after the last phases of deformation. While Eskola's (1932) classification 
was intended to be objective later classifications of this type, particularly those 
of Read (1957) 'The Granite Series', and of Buddington (1959) contained genetic 
connotations. Read (1957) modified the classification of Eskola (1932) to include a 
relationship between granite type and crustal level. Read (1957) saw migmatites 
dl ( aut~}honous granite) as forming at the deepest levels of orogenic belts during 
- ~ 
the peak of tectonic activity. Discordant or partially discordant (paraut'"R'honous) 
foliated granites were intruded at higher levels during the latter stages of orogeny 
and true magmatic intrusive, unfoliated, granites were emplaced at the highest 
levels of the crust after deformation had ceased: Read (1957) suggested that the 
3 
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parautoJlwnous granites had detached from migmatite complexes to rise higher 
in the crust. This view, that granites emplaced at high levels in the crust were 
derived by segregation and ascent of magma from lower levels was expanded by 
Buddington (1959), who rejected the time dependant nature of the classifications 
of Eskola (1932) and Read (1957). Instead, Buddington (1959) classified gran-
ites according to characteristics observed at three different levels or emplacement 
d! 
zones within the crust. The aut~lwnous granites of Read (1957) were assigned 
to the 'Catazone' (7- 12 miles beneath the surface), paraut~honous granites to 
the 'Mesozone' (5- 9 miles beneath the surface) and magmatic intrusive granites 
to the 'Epizone' (0 - 5 miles beneath the surface). However Buddington (1959), 
in his review of the styles of emplacement of North American granites, recognised 
that there was a clear transition between the three types and that granites were 
intruded at all levels during orogenesis. Buddington (1959) regarded the three 
zones of emplacement as being primarily depth related but also noted that they 
could be interpreted as zones of intensity which were depth (pressure) and temper-
ature dependant. This view also accommodated the variations in the rheological 
properties of the country rock into which the granites were emplaced. Field evi-
dence supporting this observation, which is now regarded as of critical importance 
in influencing mechanisms of igneous emplacement, had been previously described 
by Balk (1937, after Cloos) in a description of the structural features of igneous 
rocks. 
It is clear these early approaches to solving the granite problem were con-
sistently based on the assumption that granite occurring at progressively higher 
levels in the crust had risen from lower levels. A clear difference in style of em-
placement was also noted at different levels in the crust which reflected the change 
in its rheological properties with depth. 
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1.2 The Ascent of Granitic Magma. 
Recent reviews of the ascent and emplacement of granitic magmas (Pitcher, 
1979; Bateman, 1984) have noted that there are two schools of thought on their 
mechanism of ascent. The first is that of ductile flow, synonymous with diapirism, 
which involves the rise of discrete bodies of magma driven by bouyancy forces. 
The second is that of brittle fracture which involves the ascent of magma along 
pre-existing or magma driven fractures under pressure. These mechanisms will be 
discussed separately. 
1.2.1 Ductile Flow. 
The ascent of magma driven by bouyancy forces is a physically efficient pro-
cess requiring no external stresses on the magma other than gravity. Consequently 
this process. may occur in any region of the crust undergoing horizontal extension, 
contraction or zero finite longitudinal strain. The formulation of the Hot Stokes 
equation for diapiric ascent of a magma body through the crust by an extension 
of the Stokes Equation (Marsh, 1982; Daly & Raefsky, 1985) indicates that it 
is possible for a body of granitic magma to rise diapirically for a short distance 
through the crust. The equation predicts that subsequent bodies of magma fol-
lowing the same path as the first wc;:mld rise further and more rapidly because heat 
.loss from the first body would have reduced the viscosity of the crustal rocks which 
would reduce the drag forces on the second body, providing it rose before the ther-
mal perterbation caused by heating during the rise of the first body had decayed. 
This theoretical approach also indicates that granites will rise by bouyancy driven 
mechanisms irrespective of their own viscosity, but that the effective viscosity of 
the wall rocks is a critical factor in controlling ascent. 
Good analogues between the ascent mechanism and geometry of salt diapirs 
(Braunstein & O'Brien, 1968; Jackson & Talbot, 1986 and Talbot & Jackson, 
1987) and granitic bodies can be drawn from experimental studies (Grout, 1945; 
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Ramberg, 1967; Dixon, 1975 and Soula, 1982). The centrifuged. models of Ram-
berg (1967) and Soula (1982) showed that the bouyancy driven ascent of fluids 
in a viscous medium could produce structures analogous to gneissic and plutonic 
domes. Pitcher (1979) cites many examples of forcefully emplaced plutons which 
could be interpreted as diapirs on the basis that they possess shapes comparable 
to those generated in centrifuge experiments designed to model diapiric ascent. 
However a major problem lies in the interpretation of evidence for diapiric ascent. 
Few intrusions show actual evidence of having risen through the crust, in the form 
of structures in their wall rocks which can be clearly assigned to deformation that 
accommodated vertical ascent of the pluton. This will be discussed further below. 
The stem or root of a diapiric body, the existence of which is implied by experi-
mental studies and analogues with salt and mud diapirs, has not been identified. 
This also requires explanation if diapirism is to be invoked as a major mechanism 
of transport of granitic magmas in the crust. 
Essentially diapirism is a forceful mechanism of ascent. The experimental, 
theoretical and observed analogues all record the rise of bouyant material which 
is accommodated by deformation of the medium (the crust) through which the 
body is ascending. The patterns of strain induced in t~e medium have been 
examined experimentally by Dixon (1975) and more recently by Schmeling et al. 
(1988). Both these studies indicate that diapirism causes dilation o(the crust and 
high strains to develop parallel to the surface of the rising body. These strains are 
continually modified as the body ascends through the medium, suggesting that 
crustal rocks adjacent to diapirs may exhibit complex, multiphase deformation 
histories. 
Criteria for the recognition of diapiric bodies, based on their structure, have 
been outlined by Coward (1981) and Bateman (1984). These are summarised 
below: 
a. Less dense material should occupy circular to oval shaped complexes enclosed 
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by denser material. 
b. Structures such as foliation, cleavage and lineations should be developed par-
allel to the surface of the less dense material and should be parallel to any 
foliation developed within the less dense material. The foliation should inten-
sify toward the contact between the dense and less dense material. 
c. Strain distributions should involve sub-horizontal extension in the crestal re-
gion of the less dense material. The long axis of the strain ellipsoid should be 
tangential to the crestal region. In the trunk of diapiric complexes (by analogy 
to salt diapirs (Talbot & Jackson, 1987)) the long axes of the strain ellipsoid 
should be vertical and possibly associated with synchronous folds with radial 
axial planes. 
These criteria, derived from field observations of diapiric structures are con-
sistent with the strain patterns predicted by the analogue models of Dixon (1975) 
and Schmeling et al. (1988). It is clear that many intrusive bodies display these 
features. However, as noted above, it should be recognised that in order to iden-
tify a diapir it is necessary to prove that it has actually risen to its present level 
as a diapir, i.e. that :·}t is a piercement structure. 
Consequently it can be seen that there is a great deal of largely unsubstan-
tiated evidence for the diapiric ascent of granitic magma which is largely based 
upon theoretical and experimental models and field observations of analogous salt 
structures. 
1.2.2 Brittle Fracture. 
There are numerous examples of basic magma of low viscosity rising great 
distances through the crust in dykes. These vertical fractures either follow existing 
faults or weaknesses in the crust or they form immediately ahead of the rising 
sheet of magma (in the plane containing the maximum and intermediate principal 
stresses) by magmafracting. The ascent of the magma is driven by the magmatic 
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pressure which is approximately equal to the weight of the rocks overlying the 
source of the magma. It has been suggested by Bateman ( 19"84) and demonstrated 
by :Le Fort et al. 1987 that granitic magmas of low viscosity may also rise in 
this mannner. Clough et al. (1909) and Anderson (1936) suggested that cauldron 
subsidence could also permit the ascent of granitic magma in the crust. Both these 
· mechanisms involve brittle fracture of the crust. Ascent of magma through dykes 
does not constitute a significant space problem since the crust is extended across 
the dyke and the resulting space is filled with magma. However the accumulation 
of magma in an expanding chamber fed by a dyke as envisaged by Bateman (1984) 
does require an excess extension of the crust (in excess of that resulting from 
formation of the dyke ) to accommodate the developing intrusive body. Dilation 
of the crust is also required to accommodate a magma body accumulating below 
a developing ring fracture, but providing collapse of the unsupported block of 
crustal rocks is balanced by upward flow of magma the volume of the crust is 
conserved while the magma is redistributed at a higher level in the crust. Hence it 
is clear that while ascent of the magma through the crust by mechanisms involving 
fracturing of the crust may initially appear an. attractive solution to the space 
problem it cannot account for the development of magma bodies with substantial 
horizontal and vertical dimensions. 
The brittle fracture hypothesis conflicts with many of the current ideas on 
the rheology of granites. While Wickham (1987) concluded that one of the most 
effective ways of extracting magma from a partially molten source region was 
b.y fracturing the source region and tapping partial melt along the fracture it 
is clear that this process would only occur if the source region was capable of 
sustaining a deviatoric stress. Applying a stress to a partially molten zone (~ 
30% melt) would cause it to flow and prevent segregation of felsic from mafic 
components. The developing magma body would be enriched in'restite' to such a 
degree that it would be too viscous for it to move any great distance in a dyke. 
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Hence brittle fracturing would not be an effective mechanism for accumulating and 
redistributing large quantities of partially melted crust. The restite hypothesis 
(Chappell et al., 1987) invoked to explain the wide variety of xenolithic material 
commonly found in granitic rocks implies that some granitic magmas carried a 
signific~nt proportion of solid or partially solidified material derived from their 
source. This would cause an increase in the effective viscosity of the magma. The 
magnitude of this increase would depend largely on the proportion of solid in the 
magma. Providing this did not exceed 50% the effect would not be significant. 
Arzi (1978), van der Molen & Patterson (1979) and McBirney & Murase (1984) 
showed that the viscosity of magma increases rapidly once it contains more than 
50% solid material, which would severely inhibit the ability of a magma to flow 
along a dyke. 
Bateman (1984) considered that many diapiric plutons were ballooning di-
apirs; bodies of magma which expanded in-situ following ascent through a dyke. 
Bateman (1984) suggested crystallisation of the magma during ascent (as a result 
of heat loss to the wall rocks) caused its viscosity to increase to such an extent that 
it was no longer capable of ascent in a dyke, and hence it became immobilised. 
Magma ascending through the dyke would dilate the existing immobilised mate-
rial, causing lateral expansion of the dyke and the formation of an expanding or 
baliooning pluton. The wall rocks and the magma body would record strain pat-
terns identical to those defined as criteria for the identification of diapiric bodies 
but would show no evidence of vertical ascent. 
This example emphasises the close relationship between the ascent and em-
placement of granitic magmas, and that the two processes cannot be considered 
as entirely independant. In the case of ductile flow (section 1.2.1) the ascent of 
a rising diapiric body could result in the emplacement of a pluton at the level <~t 
which it came to rest, possessing many of the characteristics of a diapiric body. 
However, as will be demonstrated in the following section, it is clear that this is 
9 
not always the case. 
It is apparent from the work on ascent processes that mechanisms for ascent by 
ductile flow (which have attracted the most attention) present the most significant 
conceptual problems. The ascent of magma by brittle fracture of the crust presents 
fewer problems but the transition from a feeder dyke to a forcefully emplaced body 
is more difficult to envisage. 
Both mechanisms can explain many of the geochemical features of granitic 
intrusions. Many plutons are zoned either as a result of crystal fractionation 
processes (Bateman & Chappell, 1979; Atherton, 1981) or by the emplacement of 
multiple pulses of magma into the same chamber, as envisaged by Harry & Richey 
(1963). In the first case zonation may be controlled by in-situ crystallisation 
processes generating evolved liquids in the core of the intrusion. This evolved 
liquid may subsequently rise through the crystal liquid mush precipitated from it 
to produce sharply defined zones of chemically contrasting, yet chemically related, 
magma (Bateman & Chappell, 1979; Tindale et al., 1988). This process is different 
from the emplacement of multiple pulses of magma to produce compositionally 
zoned plutons e.g. Ardara (Holder, 1979) which requires injection of more than 
one pulse of magma intp the magma chamber. These pulses could be injected 
into the chamber via dykes or may result from the emplacement of a diapiric 
body into the existing magma chamber. The first case offers the possibility of 
inflation of a magma body by a continuous flux of magma or pulsatory expansion. 
The second case could only cause pulsatory expansion of the magma chamber. 
Multiple injection of magma into the same pluton does not exclude zonation as 
a result of crystal fractionation. Consequently zonation in granitic intrusions 
should be interpreted carefully and the origins of the zonation investigated on 
the basis of careful geochemical studies designed to test a multipulse vs fractional 
crystallisation hypothesis. 
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1.3 The Emplacement of Granitic Magma. 
Pitcher (1979) emphasised the point made by Leake (1978) that·there may be 
a contrast in the geometry of an ascending body of magma and its emplacement 
geometry. A critical question facing investigators of emplacement mechanisms 
is: How does the process of emplacement 9ffect the final shape of the granitic 
intrusion? Once this has been resolved it may be possible to deduce how the 
magma body reached the level at which it was emplaced. As noted above the 
final geometry of an intrusive body may be a function of its ascent mechanism, 
but this need not be the case. Essentially mechanisms of emplacement can be 
divided into forceful and passive. 
1.3.1 Forceful Emplacement of Granitic Magma. 
Forceful emplacement of granitic magma involves the displacement of crustal 
rocks to create a volume for the magma to fill by essentially ductile deformation. 
This could be interpreted as a natural extension of ascent by ductile flow, but the 
two processes are not always associated. There are numerous examples of force-
fully emplaced plutons, which share the common feature of a strongly deformed 
aureole e. g. Flamanville (Martin, 1953); Rogart (Soper, 1963); Ploumanac'h 
(Barriere, 1977); Papoose Flat (Sylvester et al., 1978); Ardara (Holder, 1979) 
and Cannibal Creek (Bateman, 1984). Balk (1937, after Cloos) observed that 
many plutons showed evidence of in-situ expansion to produce strong flatten-
ing strains parallel to the surface 'of the pluton, both within the pluton and outside 
it. Such intrusions may show obvious evidence of multiple injection of magma e.g. 
Ploumanac'h and Ardara, which could have contributed to the expansion and 
deformation of their envelopes or they may lack such evidence e.g. Flamanville, 
Cannibal Creek. Evidence of forceful emplacement is not an indicator of ascent 
by ductile flow. Bateman (1984) modelled the inflation of the Cannibal creek 
pluton as a ballooning diapir fed by a dyke. (section 1.2.2). Pitcher (1979) u~ed 
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the examples of Ploumanac'h and Bidwell Bar (Compton, 1955) to illustrate that 
initial intrusion of forcefully emplaced plutons may have occurred by mechanisms 
associated with passive emplacement i.e. brittle faulting and cauldron subsidence 
respectively. These examples indicate that emplacement of magmas is an evolving 
process which reflects changes in the way magma and crust interact which does not 
necessarily follow the early depth related classifications of Read and Buddington. 
1.3.2 Passive Emplacement of Granitic magma. 
Passive emplacement of granitic magma involves the displacement of crustal 
rocks to create a volume for the magma to fill by brittle deformation. As discussed 
above (section 1.3.1) and by analogy to mechanisms of forceful emplacement, 
mechanisms of passive emplcement are not necessarily associated with those of 
ascent by brittle fracture. The process of passive emplacement is typified by the 
formation of ring dykes (Clough et al., 1909). In a recent review of ring complex 
granites Bonin (1986) indicated that such structures may form above diapiric 
bodies as a result of extension of crustal rocks in the roof of a diapir as it rose 
into higher and progressively more brittle crust. Walker ( 1975) proposed a similar 
model for the evolution of the British Tertiary central complexes, in which early 
diapirism led to the formation of ring dykes and cone sheets. This is a clear 
example of how one style of emplacement may influence the style of emplacement 
of subsequent intrusions. 
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1.3.3 The Role of Tectonics. 
It is clear from the discussion above that the association of forceful and passive 
mechanisms of emplacement and the transition between them which may occur 
during emplacement of the same plutonic complex at the same crustal level con-
travenes the classifications of Read and Buddington which related mechanisms of 
emplacement to depth. 
Consequently there is the need for a unifying theory or approach which can 
accommodate both 'forceful' and 'passive' emplacement mechanisms at any level 
in the crust. A general concensus of opinion is emerging that the answer lies 
in an increased understanding of the role of tectonics in influencing the ascent 
and emplacement of granitic magmas. An approach which has its roots in the 
chronological - tectonomagmatic classifications of Read and Buddington. 
The stimulus for investigations into the role of tectonics in the emplacement 
of granitic magmas has come from the study of the Donegal Bat.holith (Pitcher & 
Berger, 1972). This granitic complex comprises eight intrusive granites of similar 
age which show a range of styles of emplacement e.g. stoping (Thorr), passive 
(ring dyke) ( Rosses, Barnesmore), ballooning (Ardara) and diapiric wedging in 
an evolving shear zone (Main Donegal granite), all at the same crustal level. Ac-
cording to the classification of Read (1957) the Thorr, Rosses and Barnesmore 
plutons would have been intruded at higher crustal levels than the Ardara and 
Main Donegal plutons, which infers vertical movement of the crust during em-
placement. The work of Pitcher (in Pitcher & Berger, 1972) clearly indicated that 
emplacement of the plutons was synchronous with deformation of the Caledonian 
rocks and it was concluded that 'the character of the granitic pluton, and of its 
relationship with its present envelope, need bear little relationship to its position 
in the crust'. The synchronous associati01i of different styles of emplacement at 
the same level in the crust clearly indicated that the theory of Read was incorrect, 
and that emplacement of the granites was clearly related to the structural evo-
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lution of the region. Further work resulted in the development of a model which 
related emplacement of the granites to the sinistral shear zone which dominates 
the structure of Donegal (Hutton, 1982). Hutton (1982) demonstrated that the 
distribution of stresses within the shear zone could produce. local zones of ten-
sion or compression into which magma was emplaced. The resulting geometry of 
the individual plutons were controlled by the stresses acting on the rising magma 
e.g. the passively emplaced Rosses pluton was intruded into a zone of tension 
dev~ped in a convex (releasing) bend in the shear zone surrounding the Main 
Donegal granite while the forcefully emplaced Ardara pluton was intruded into 
a zone of compression at the tip of the shear zone. This interpretation implied 
that forcefully emplaced plutons are intruded in zones of tectonic contraction and 
passively emplaced plutons are intruded in zones of tectonic extension. There 
exists a good deal of evidence to support this interpretation. In particular, caul-
dron subsidence is a consistent feature of granites emplaced in regions of tectonic 
extension. 
Davies (1982) described the geology of the Ajjaj shear zone in northern Saudi 
Arabia into which a series of Pan African granites were emplaced. A detailed study 
of the strains within the shear zone indicated a volume increase during deformation 
which Davies (1982) attributed to the emplacement of diapiric granites. This 
example illustrates that the emplacement of granitic magma into high crustal 
levels need not constitute a space problem if the necessary volume/void is created 
by tectonic processes. 
Brun & Pons (1981) and Soula (1982) also considered the interaction between 
emplacement and tectonic stress through the study of forcefully emplaced magma 
bodies in regions of tectonic contraction. They showed that the patterns of strain 
recorded by the deformation of the plutons and their aureoles reflected the in-
teraction between the bouyancy forces driving the ascent of the plutons and the 
tectonic forces deforming the rocks into which they were emplaced. The resulting 
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fabrics which record the evolving strain patterns around a pluton during ascent 
reflect the relative magnitudes of the two stress systems. Strong regional fabrics 
only slighly deflected around the intruding granite indicate a dominance of the 
regional tectonic stress field. Regional fabrics deflected around the intruding body 
reflect the dominance of emplacement related stresses. 
The recognition that the emplacement of granitic magmas and their final 
geometry is the result of a complex interplay between magmatic stresses and 
tectonic stresses clearly indicates that granites should be studied in the context 
of their tectonic environment rather than as discrete bodies independent of their 
surroundings. 
This approach has been stressed in a recent review by Hutton (1988a) who 
viewed the variety of mechanisms of emplacement of granitic magmas as 'a func-
tion of the interaction between the natural magma bouyancy forces and ambient 
tectonic forces'. 
This succinct theory allows for a great deal of flexibility in interpreting the 
ascent and emplacement of granitic magmas in different tectonic environments 
and in its flexibility provides a tool for interpreting granites without the need 
to return to a more rigid classification of the type devised by Read (1957) and 
Buddington (1959). 
1.4 The Northern Arran Granite. 
The introductory sections have briefly considered the evolution of the principal 
theories and current trends in the study of the ascent and emplacement of granitic 
magmas. It is clear that many questions remain unanswered. Some assumptions 
remain critically untested, yet form the basis of generally accepted viewpoints. 
There is clearly the need to fill gaps in our knowledge before these assumptions are 
found to be incorrect and any theories based upon them become unsubstantiated. 
This thesis deals with the following aspects of the ascent and emplacement of 
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granitic magma: 
Is it possible for magmas to ascend as diapirs? and if so can the vertical ascent 
of a diapiric body be identified from structures observed in the field? 
What is the relationship between the shape of a magma body during ascent 
and its final shape after emplacement? Is it possible to image these changes 
by structural studies? 
While the effect of tectonic stress is becoming clear are there other factors 
which influence emplacement geometry, e.g. existing crustal structure, and 
what are their effects? This requires the study of magma bodies emplaced iii 
area..<; of minimal tectonic activity: 
While the structural approach to the investigation of ascent and emplacement 
mechanisms advocates detailed study of both the granite and its aureole few 
studies of granites have been made which attempt a comprehensive integrated 
investigation of the interrelationship between the structure and petrology of 
a granite and the implications this may have for constraining ascent and em-
placement mechanisms. 
The Northern Arran Granite provides a suitable testing ground for examin-
ing these problems. This granite is one of a number of intrusive centres of Early 
Tertiary age which together with an extensive suite of extrusive basaltic rocks 
collectively form the British Tertiary Volcanic Province. It was emplaced into 
structurally inhomogeneous upper crustal rocks. A synchronous suite of Tertiary 
basalt dykes indicates the crust was extended by approximately 5% during the 
emplacement of the granite, which makes the pluton suitable for a study to inves-
tigate the effects of pre-existing structure on emplacement geometry. 
The granite dominates the geology of the north of the Isle of Arran. Existing 
work ( Gunn, 1903; Tyrrell, 1928) shows that it is a large sub-circular boss approx-
imately 13 km in diameter. It is composed of two units. An outer coarse grained 
granite which completely surr~unds a younger fine granite of irregular form. 
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The granite is surrounded for 300° of its circumference by strongly deformed 
rocks of Dalradian (Upper Cambrian to ?Lower Ordovician) age. On its eastern 
side the granite is faulted against rocks of Lower Devonian (ORS) age. The 
Dalradian rocks are separated from the ORS rocks by a fault to the NE of the 
granite and by an unconformity to the south and east of the granite. To the 
north and east of the granite and between 1 and 2 km from its contact with the 
Dalradian and ORS rocks a major NE - SW striking fault system downthrows 
rocks of Carboniferous and Permian age against the Dalradian and ORS. 
Much of the coarse granite and certain areas of the fine granite are well ex-
posed which provides an opportunity for a comprehensive study of geochemical 
variations within the granite. Preliminary geochemical work had been carried out 
by Dickin et al. (1981) as part of a contribution to the study of the geochemi-
cal affinities of the granitic rocks (crustal melt or basaltic differentiate?) of the 
British Tertiary Volcanic Province which has occupied petrologists for much of this 
century (Thompson, 1982). However the major and trace element geochemistry 
has never been studied in detail. An investigation was begun, but not completed 
(Johnson & Meighan, 1975). 
The original aims of this research were to record the sequence of deformation 
in the Dalradian rocks at the margin of the granite and to correlate them with 
structures within the granite and determine how the aureole structure may be 
related to the injection of pulses of magma identified by variations in chemistry 
within the pluton. As with most research projects these aims were frequently 
modified as work progressed and results were obtained. The following chapters 
describe and discuss these results and their implications for the study of the ascent 
and emplacement of granitic magmas. 
17 
CHAPTER 2 
PRE-TERTIARY GEOLOGY 
Before describing the detailed geology of the Northern Arran Granite and the 
features assoCiated with its intrusion this chapter discusses the evolution of the 
geology of the upper Clyde area and the underlying crustal structure prior to 
intrusion of the granite. 
2.1 Dalradian Structure and Stratigraphy. 
The Dalradian rocks of Northern Arran (Fig. 2.1) can be divided into five 
lithological units (Figs. 2.2 & 2.3), repeated by Caledonian (480-500 Ma) folding 
(Anderson, 1944), which are clearly exposed to the north of the granite between 
Lochranza and Corloch. To the west and south of the Northern Granite identifi-
cation of these units is more difficult because most of the exposed rocks have been 
strongly deformed by the emplacement of the granite. The oldest Dalradian rocks 
occur in the core of the Aberfoyle synform, a downward facing Caledonian anti-
cline exposed between Lochranza and Corloch (Fig. 2.3). These are black/purple 
pelites (mudstones) with thin bands of quartzose volcanic ash and chert (Fig. 2.2). 
These pelites are overlain by a series of normally graded grits and psammites (silt-
stones and sandstones) with occasional pelites. The graded beds are typically 0 .. 5 
m to 1 m thick. The third unit, composed of green psammitic pelites and pelites, 
grades upward into a second sequence of normally graded psammitic units which 
show an overall coarsening upward on the east side of the fold axis from psam-
mites to pebbly grits. The grits at the top of this sequence have a sharp junction 
against a band of graphitic pelite, which has an arcuate outcrop to the west of 
the. Northern Granite as well as being exposed to the east of the fold axis, to the 
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Figure 2.1. Geological map of Arran and the surrounding North Clyde area, 
showing the general features of the onshore and offshore geology (after McLean & 
Deegan, 1978). 
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Figure 2.2. Summary of the stratigraphy of the Dalradian (Southern Highland 
Group) rocks exposed on Arran. Inset map shows extent of outcrop of Dalra-
dian and location of section A-B; Top right: Cross section A-B from Lochranza 
to Corloch showing gross structure and distribution of stratigraphic units ( ar-
rows indicate young.ing d~rection, HBC Highland Border Complex.); B~ttom left: 
Generalized sedimentary log of Dalradian succession; Bottom right: A correla-
tion between the thickness of stratigraphic units exposed on •SE and NW limbs 
of Aberfoyle Synform. (Nate: sequence is given 'right way up' to emphasise that 
units now exposed in SE limb were originally deposited to NW of the sequence 
now exposed in the NW limb.) 
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Figure 2.3. Geological map of the Dalradian rocks of North Arran. The figure 
shows the distribution of the major lithological types mapped arounq the granite 
together with the orientation of bedding and the s.~! sl intersection lineation. 
N 
0 1 2 
km 
NORTHERN GRANITE. 
' 
I 
I 
I 
I 
D 
D 
PELITE 
DALRADIAN 
PSAMMITE 
HIGHLAND BORDER 
COMPLEX 
DEVONIAN & 
YOUNGER 
GEOLOGICAL 
CONTACT 
FAULT 
-.-- DIP OF BEDDING 
DIP OF 
----4-- OVERTURNED 
BEDDING 
BEDDING S1 
--,- INTERSECTION 
LINEATION 
- ·-I-·- AXIS OF SYNFORM 
Fig. 2.3 
north of the granite. This unit, which is finely laminated, is recorded as containing 
a thin limestone in the Pirnmill and Thunderguy area (Gunn, 1903), which has 
been correlated with the Leny Limestone exposed at Callander. The latter has 
yielded specimens of the Lower Cambrian trilobite genus Pagetes (Pringle, 1940) 
This age would place the succession of Dalradian rocks in Arran within the South-
ern Highland Group, the youngest unit of the Dalradian Supergroup, (Harris et 
al., 1975). However Henderson & Robertson (1982, pp 439) noted that structural 
interpretations have placed the Leny limestone within the Highland Border Com-
plex. Such an interpretation would appear to be invalidated by the data of Curry 
et al. (1984) who have demonstrated that the Highland Border Complex is of 
Arenig age. 
The sequences exposed on either side of the fold axis can be correlated on 
the basis of comparable lithology and thickness (Figs. 2.2 & 2.3). Black shales 
are always found in the core of the synform, but the pelite bands higher in the 
sequence may not be so laterally persistent. In particular the green psanunitic 
pelite and pelite band is frequently difficult to distinguish in the field and to the 
west of the granite at Pirnmill and Whitefarland it appears to be replaced by a 
band of graphitic pelite. The graphitic pelite at the top of the sequence can be 
followed clearly from Glen Catacol to Pirnmill but elsewhere it is poorly exposed. 
To the south of the granite a graphitic pelite occurs sub-parallel to the Dalradian-
northern granite intrusive contact. This could be correlated with the middle pelite 
band. The upper graphitic pelite is not seen to the south of the granite (Fig. 2.3). 
As noted above the Dalradian rocks of Arran are folded in the Aberfoyle 
Synform, which is of Caledonian age. The existence of a fold within the Dalradian 
of Arran was first noted by Anderson (1944), on the basis of the repeated sequence 
of sediments in the Lochranza to Corloch area described above. Anderson (1944) 
used the graded beds as evidence of younging to show the presence of an anticline. 
This interpretation was corrected by Shackleton (1958) who showed on the basis of 
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younging directions along the cleavage planes (facing direction) that the structure 
is a downward facing anticline. The data presented here are consistent with this 
generally accepted interpretation. 
Throughout the Dalradian rocks of Arran the earliest fabric considered to be 
the result of regional deformation of the sedimentary sequence described above is 
a penetrative cleavage (51) parallel to the axial planes of minor ( F1) folds. This 
cleavage is overprinted by a spaced extensional cleavage (52) which cuts the axial 
planes of the F1 folds at a shallow angle. The deformation events producing these 
foliations will be referred to as D1 and D2 respectively. The hinge of the major 
F1 fold was then refolded (indicated by an increasing dip of 52 in an easterly 
direction) by D3 which also resulted in folding of the D1 and D2 minor structures 
(Fig. 2.4). 
The 51 cleavage and F1 minor folds are best developed in the pelitic bands 
exposed throughout the sequence, particularly on the Pirnmill and Lochranza 
shores on the western limb of the Aberfoyle Synform. On this easterly dipping 
limb the 51 cleavage dips steeper than bedding so minor structural vergence is to 
the west, indicating the existence of an antiform to the west and a synform to the 
east. Combining this with evidence of younging direction, (e.g. graded bedding 
and rip-up clasts) which indicate the sediments are overturned and young to the 
west shows that facing is downward to the east on 51 and confirms that the 
synform is a{". downward facing anticline. This interpretation is supported by 
evidence from minor D1 structures on the eastern limb of the fold. Here cleavage 
dips shallower than bedding so that D1 minor structures verge east. The rocks 
are the right way up (younging east) and hence the facing direction on 51 remains 
downward and to the east (Fig. 2.4). 
Changes in vergence mapped from cleavage and minor fold geometries confirms 
the way up evidence which indicates that the axial plane of the Aberfoyle synform 
lies within the lowest pelitic unit. This is best displayed in the cliffs of Creag Glas 
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Figure 2.4. A diagramatic summary of the structural evolution of the Dalradian 
rocks during Caledonian deformation. The three figures show the progressive 
stages of folding, cleavage development and bedding cleavage orientations from 
D1 through to D3. 
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Laggan (GR 972503), but can also be determined from exposures in the Allt na 
h'Airidhe (GR 818398), to the south of the granite. 
The S2 cleavage is pervasive, and is responsible for the marked coarse foliation 
of the Dalradian rocks. Again it is best seen on the shores between Lochranza and 
Dougrie where it is well developed in all but the coarsest psammitic rocks. S2 is 
an extensional spac~d cleavage which clearly overprints the D1 minor structures. 
The spacing varies with grain size. To the west of the Aberfoyle synform it is 
generally steeper than bedding and to the east it is sub-parallel. The geometry 
of the S2 cleavage suggests it formed as a result of flattening and shearing of the 
D1 anticline toward the SE. This would be consistent with emplacement of the 
D1 fold as a nappe structure to form a recumbent antiform by simple shear, as 
suggested by Harris et al. (1976). However no strong SE plunging stretching 
lineation was noted in the field which might support this model. 
Mapping across the fold core from Lochranza to Corloch shows a general in-
crease in dip of the S2 cleavage from 50° to 70°, interpreted as the result of D3 
folding around a NW dipping axial plane probably associated with the down-
bending of the Aberfoyle Synform to form the steep belt described by Shackleton 
(1958) (Fig. 2.4). 
Following the Caledonian deformation the Dalradian rocks appear to have 
been largely involved in faulting prior to the emplacement of the Tertiary North-
ern Granite. In particular early movements along the Highland Boundary Fault 
resulted in emplacement of a slice of the Highland Border Complex within the 
Dalradian exposed in North Glen Sannox. The contacts between the two groups 
of rocks are not well exposed but Henderson & Robertson (1982) have suggested 
they are thrusts, on the basis of structural data (Fig. 2.5). Dalradian rocks were 
also affected by movements on the Laggan/Brodick Bay Fault system which orig-
inated during the Carboniferous. 
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Figure 2.5. The structure and stratigraphy of the Highland Border Complex 
rocks exposed in North Glen Sa.nnox (after Henderson & Robertson, 1982). 
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2.2 Petrography of the Dalradian Rocks. 
In thin section the pelites, psammites and grits grade into each other in terms 
of increasing grain size and decreasing clay mineral content. The pelites have a 
clay content between 40% and 70%. The remainder of this rock type is composed 
of quartz, chlorite, lithic (quartzite) fragments, albite, opaques and occasional 
biotite. The 51 and 5z cleavages are variably developed. When apparent, S1 is 
a penetrative shape and grain alignment cleavage. Sz which is a spaced pressure 
solution cleavage is most commonly developed. Where both cleavages are well 
developed, and intersect at a low angle, the quartz and albite grains are deformed 
into lensoid 'fish'. Quartz commonly shows undulose extinction and the albite 
has deformation bands crossing the twin lamellae. Micas mantle the more resis-
tant grains accentuating the S1 cleavage. Opaques concentrate along the solution 
planes of the 5z cleavage. Chlorite can be observed growing along 51 cleavage 
planes bent into alignment with Bz and porphyroblasts of chlorite are cut by Sz. 
Unaligned grains suggest that post Sz growth also occurred. Retrogressive meta-
morphism is indicated by late growth of white mica along the Sz cleavage planes 
(Plate 2.1 ). 
The psanunites contain a considerably lower fraction of clay minerals (10% 
to 1.5% ). They are composed dominantly of quartz, large grains of which show 
clear effects of grain reduction during deformation of the rocks in the form of 
grain boundary recrystallisation, subgrain growth and undulose extinction. Some 
grains have associated pressure shadows of granular quartz developed during ro-
tation into the 51 cleavage plane (Plate 2.2). The smaller quartz grains show 
a polygonal texture characteristic of dynamic recrystallisation. More resistant 
grains of albite show deformed twin lamellae, boudinage and well developed syn-
52 pressure shadows. The general shape of the larger grains suggest they were 
originally sub-angular to sub-rounded. The S1 cleavage is generally poorly devel-
oped, 52 being dominant. When the latter is well developed the quartz shows a 
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Plate 2.1. Typical pelitic Dalradian rock composed of fine grained quartz and 
micas. sl and s2 are penetrative pressure solution cleavages. s2 is the dominant 
cleavage (orientated E - W) which cuts the S1 cleavage (orientated ENE - WSvV) 
to form an anastomosing fabric. Dalradian pelite, No. 302, Glen Charmadale, 
GR 948805. vVidth of field = 3.5 mm, Plane polarised light. 
Plate 2.2. Typical Dalradian psammite composed of quartz, minor amounts of 
alkali feldspar, lithic fragments and micas. Photomicrograph shows well developed 
S1 and S2 cleavages formed by grain alignment. Undeformed porphyrobla.sts of 
metamorphic chlorite are developed along cleavage planes. sl runs from the top 
left of the field to the bottom right. Syn - S1 grain rotation is indicated by 
rotated porphyroblasts of quartz with pressure shadows cut by the s2 extensional 
crenulation cleavage (orientated E- vV). Dalradiar1 psammite, No. 601, Catacol 
shore, GR 915506. Width of field = 3.5 mm, Plane polarised light. 

very strong alignment fabric with the development of ribbons of subgrains in the 
foliation plane. Both cleavages are usually defined by an alignment of mica grains. 
Chlorite growth is again pre to post S2. Some post S2 fractures/joints are filled 
with chlorite but their actual age cannot be determined. Epidote also occurs in 
these rocks and is thought to have grown from the breakdown of albite or a more 
calcic plagioclase. The samples described here were collected well away from the 
granite aureole to avoid the effects of hydrothermal alteration, although such an 
origin for the epidote cannot be ruled out. The grits show similar features to the 
psammites (Plate 2.2). 
In conclusion, examination of the rocks indicates they are both texturally and 
mineralogically immature sediments derived from a proximal low grade metamor-
phic terrane. The fabric of the rocks clearly records the development of the two 
distinct cleavages seen in the field. The presence of porphyroblasts of chlorite and 
the growth of chlorite along S2 cleavage planes indicates the rocks were subjected 
to greenschist facies pressures and temperatures during deformation. Since the 
chlorite pre and post-dates the development of the s2 cleavage it appears that the 
peak of metamorphism is of syn-D2 age. Later (post D2) retrogressive metamor-
phism is represented by grain recrystallisation and growth of white mica along S2 
cleavage planes. 
2.3 Upper Crustal Structure. 
The southeast margin of the Dalradian rocks in Scotland is taken to be the 
NE-SW striking Highland Boundary Fault (HBF). Within the fault zone lie frag-
ments of black shale and spilites belonging to the Ordovician Highland Border 
Complex (HBC), Curry et. al. (1984) (Fig. 2.5). To the south of this fault, aria 
locally overlapping to the north, lie conglomerates, sandstones and volcanics of 
Lower Devonian (Lower ORS) age, within the Midland Valley of Scotland. 
Bamford et al. (1977 & 1978) published a seismic refraction profile across the 
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Midland Valley which revealed the main features of the velocity structure of its 
northern margin (Fig. 2.6). This profile ·revealed that there was no geophysical 
discontinuity across the Highland Boundary Fault zone. Instead the northern 
margin of the Midland Valley was marked by the abrupt thinning of the uppermost 
layer of a three layered velocity structure (Fig. 2.6). This is. also indicated by a 
gravity profile across the HBF, McLean & Deegan (1978). Both these profiles 
indicate that there is no appreciable difference in the density of the rocks to the 
north and south ofthe fault beneath the upper layer. 
From the surface geology it is known that the upper layer represents the 
Devonian and Carboniferous sediments infilling the Midland Valley graben, which 
have a maximum thickness of 2.5 km adjacent to the HBF in the region of the 
geophysical profiles described above. The middle velocity layer which lies between 
2.5 and 8 km in the region of the HBF, and has a P-wave velocity of 5.8 to 6.0 
kms- 1 is known to be the Dalradian to the north of the HBF. To the south of the 
HBF the layer does not outcrop at the surface and hence the rock type it represents 
is not known. It is possible that it is an extension of the Dalradian as suggested 
by McLean & Deegan (1978) and indicated by the presence of Dalradian clasts in 
agglomerates within the Tertiary central complex, which lies to the South of the 
Dalradian/ORS unconformity on Arran. However these clasts could be derived 
from fragments of Dalradian in the ORS (Friend et al., 1963). Bluck (1984) 
interpreted the Midland valley as an Ordovician - Devonian volcanic - plutonic 
arc massif floored by a metamorphic terrane of uncertain affinities. 
The lower crustal layer which lies below a depth of between 6 and 8 km and 
has P-wave velocities in excess of 6.4 kms- 1 clearly extends north of the HBF in 
the profile of Bamford et al. (1977) (Fig. 2.6). The nature of this layer appears to 
have been resolved by studies of xenoliths collected from Carboniferous volcanic 
vents in the Midland Valley. Graham & Upton (1978) and Hunter et al. (1984) 
have described acid, intermediate and basic xenoliths of granulite facies paragneiss 
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Fig':lre 2.6. A cross section. of the deep structure of the Midland Valley of 
Scotland and adjacent areas, determined from the LISPB siesmic refraction profile 
(Bamford, 1978). Velocity values are in kms- 1. 
Fig. 2.6. 
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which equilibrated at 11 kbar and 850°C. Van Breeman & Hawksworth (1980) 
obtained a 147Sm/144Nd age of 1180 ± 55 Ma for one of these xenoliths. This 
suggests the lower crust in this region was formed during the Grenvillian orogeny. 
Densities for &the xenoliths of between 2.8 and 3.2 gcm-3 imply P-wave velocities 
of the range 6.5 to L5 kms- 1 (Hunter et al., 1984) which are consistent with the 
velocities determined by Bamford et al. (1977) for the lower crust. 
2.4 The Highland Boundary Fault 
In mainland Scotland the HBF can be clearly followed from Stonehaven in 
the NE to the Isle of Bute in the SW. However the position of the fault on the 
Isle of Arran has been the subject of some discussion (Gunn, 1903; Bailey, 1926; 
Anderson, 1944; Friend et al., 1963 & 1970). Between Bute and North Arran 
McLean & Deegan (1978) record a change in structural style along strike from 
the fault where it outcrops on Bute. Projection of this geophysical discontinuity 
indicates that the HBF should outcrop at Corloch on the NE coast of Arran. 
However, later movement on the Laggan fault has downthrown a succession of 
Upper Palaeoz~ic rocks in this area which transgress and obscure the fault. Inland 
of the Laggan fault Lower ORS rocks are apparently faulted against rocks of the 
HBC and the Dalradian in North Glen Sannox. To the south of the northern 
granite the Dalradian-ORS contact is clearly an unconformity, first recognised by 
Friend et al., (1963). The unconformity can be traced to Dougrie on the west 
coast of Arran. Further along strike geophysical data from Kilbrannan Sound 
indicates the HBF continues in a Southwesterly direction toward Kintyre (McLean 
& Deegan, 1978). 
The unconformity can be interpreted as an onlap of ORS sediments onto Dal-
radian to the NW of the actual fault, with the ORS being rotated into its present 
steep orientation by emplacement of the northern granite. However this does not 
explain why the fault apparently outcrops in North Sannox at the same topo-
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graphic height in a position that prior to the intrusion of the granite was directly 
along strike from the unconformity now exposed to the south. This problem may 
be resolved by interpreting the proposed fault marking the western limit of the 
0 RS in North Sannox area as a later normal fault of Tertiary age (accommodating 
updoming around the intruding granite), as suggested by Friend et al., (1963, pp 
419), which propagated up through the ORS from the true HBF, displacing the 
Dalradian rocks downwards. The ORS rocks onlapping the Dalradian to the NW 
of this fault could then have been eroded away leaving only the faulted contact 
exposed (Fig. 2.7). 
This hypothesis implies that the HBF is not exposed at the surface in Ar-
ran and that it was both cut and deflected to the SE by the intrusion of the 
Northern Granite. This interpretation will be discussed later in the context of the 
emplacement of the Northern Granite. 
2.5 Post Devonian Geology. 
Offshore reflection and refraction siesmic data (McLean & Deegan, 1978) indi-
cates the presence of a number of NW-SE trending faults bounding the NE Arran 
trough and cutting the strike of the HBF. Hall (1978) noted that the Carbonifer-
ous and Permian successions thicken across these faults from theE and NE shores 
of Arran into the trough, indicating syn-sedimentary fault movement, and that 
the faults are of Carboniferous age. ':fhe Laggan fault has been linked by- Hall 
(1978) with the largest of the offshore faults (the Brodick Bay Fault) bounding 
the West side of the trough. The age of the Laggan and associated onshore faults 
is not known since there are few features within the preserved Carboniferous and 
Permian successions which suggest they were active during sedimentation (Astin 
& MacDonald, 1983). Gunn (1903) proposed that all the onshore faults were of 
Tertiary age and that they formed during forceful emplacement of the northern 
granite. There is a concensus of opinion with Gunn that the faults were active 
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Figure 2. 7. An interpretation of the exposures of the Dalradian-ORS contact 
on Arran. Map shows the distribution of Dalradian and ORS rocks in the Firth 
of Clyde area and the position of the Highland Boundary Fault as inferred from 
' 
geophysical data (McLean & Deegan, 1978). Sections A-B (North Sannox) and 
C-D (Dougrie) summarize the structural evolution of the contact before (left) 
and after (right) emplacement of the Tertiary Northern Granite. HBC Highland 
Border Complex, HBF Highland Boundary Fault. 
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during the emplacement of the granite (Bailey, 1926; Tyrrell, 1928; Friend et al., 
1963; Woodcock & Underhill, 1987) but Tyrrell (1928) and Woodcock & Underhill 
(1987) considered them to be reactivated older faults. 
The Permian aeolian sandstones and fluvial sandstones and breccias are con-
formably overlain by Triassic marine and lacustrine muds and silts with occasional 
sandstones. Rhaetic and younger Mesozoic rocks are confined to remanee masses 
within the Tertiary central volcanic complex, which lies to the south of the north-
ern granite. An estimate of the amount of subsidence in the central complex 
was obtained by King (1955) using these masses. At Dereneneach (GR 930331) 
Permian rocks lie unconformably on Upper 0 RS, adjacent to the complex. 300m 
to the NE, within agglomerates of the central complex, lies a large xenolith of 
Upper Triassic and Rhaetic which indicates subsidence of approximately 900m, 
(the approximate thickness of the exposed Permian and Triassic rocks on Arran). 
George (1966) used this subsidence to determine an estimate for the thickness 
of rock overlying the northern granite, while it was being emplaced, of 2600 m, 
(neglecting the effects of erosion due to uplift). Using the estimated thicknesses of 
the Permian and Mesozoic rocks and overlying Tertiary basalts from King (1955) 
an estimate of 1065m of rock overlying the Carboniferous can be obtained assum-
ing these units maintain constant thickness across the north of the island. It is 
known from surface exposure that the Carboniferous rocks increase in thickness 
from zero at Dereneneach, W of the central complex, to 800m on the Laggan 
shore, NE of the Northern Granite. This suggests about 400m of Carboniferous 
may have overlain the granite. 
The thickness of Dalradian and ORS rocks above the granite is difficult to 
determine. It is clear that the granite penetrated its carapace of Dalradian along 
its eastern margin, but the thickness of Dalradian in the roof of the intrusion is 
impossible to determine. It is apparent that the ORS thinned rapidly across the 
postulated position of the HBF. Friend et al., {1963) showed that the Lower and 
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Upper 0 RS to the South and East of the fault have a cumulative thickness of 
between 1800 and 1900m. However only a few metres of Upper ORS cornstones 
and conglomerates are present at Hutton's Unconformity on the North Newton 
shore (GR 934518) and the ORS may be absent at Catacol where boulders of 
Carboniferous and Dalradian but no ORS form a rocky shoal exposed at low 
water, (GR 910500), Friend et al. (1970). This suggests that there was only a 
thin layer of ORS rocks above the northern granite. 
From the evidence described above an approximate minimum thickness for the 
roof of the granite of 2000m can be determined. In any estimate of this type there 
exists a large margin of error, particularly in this case as none of the estimated 
thicknesses for the strata involved can be verified accurately due to subsequent 
erosion of the roof of the northern granite. However this review of the postulated 
structure of the roof of the intrusion emphasises the point made by Woodcock & 
Underhill (1987) that the Northern Arran Granite was not intruded into a simple 
'layer cake' stratigraphy (Fig. 2.8). 
2.6 Summary. 
The Northern Arran Granite was intruded into an area of complex geology. 
Two major normal faults, the early Highland Boundary Fault cut by the later 
Carboniferous Brodick Bay Fault, form margins to ORS and Permo-Carboniferous 
sedimentary basins. The sediments within these basins thinned rapidly to the 
NW and W across these faults and over Dalradian basement rocks folded by 
Caledonian deformation into a downward facing anticline with a NW-SE strike, 
parallel to the HBF. The Permian is overlain by Mesozoic and early Tertiary 
rocks of unknown thickness. The intrusion of an early Palaeocene NNW-SSE 
trending alkaline Olivine and Tholeiitic Dolerite dyke swarm immediately prior 
to and during the intrusion of the northern granite, Tyrrell (1928) and Dagley 
et al. (1978), indicates the regional stress system was dominantly tensional in a 
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ENE--WSW direction during intrusion. 
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CHAPTER 3 
CONTACT METAMORPHISM 
The Northern Arran Granite is surrounded by a narrow concentric zone of 
thermally altered rocks (Fig. 3.1 ). This thermal alteration is attributed to intru-
sion of the coarse granite because it parallels the granite contact, and the stable 
mineral assemblages developed within the thermal aureole indicate temperatures 
in excess of those reached during greenschist facies Caledonian metamorphism. 
Turner (1981) noted that the degree of thermal metamorphism experienced by 
the rocks surrounding an intruding body of magma depends upon the maximum 
temperature to which they are~ heated. This essentially depends upon the fol-
lowing factors: the size, temperature and solidus temperature of the intruding 
magma body; the specific heat capacities, latent heat and thermal conductivities 
of the magma and the surrounding rocks, and the initial temperature and water 
content of the surrounding rocks. All these factors can be determined from ex-
perimental data, (e.g. Lovering, 1936; Heuze, 1983), but the process of thermal 
metamorphism is complicated by less well constrained parameters such as the rate 
of intrusion, multiple magma injection, syn- and post-intrusion convection of the 
magma and syn and post intrusion convection of vapour (waterjC02) within the 
surrounding rocks, and between the surrounding rocks and the magma (Turner, 
1981 ). Many of these factors will be discussed later in the context of the mech-
anism of emplacement of the granite. This present section deals with estimating 
the temperature of the thermal aureole from the mineral assemblages developed in 
the rocks within it and determining the relative age of the thermal metamorphism 
to the fabrics developed during deformation of the aureole. 
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Figure 3.1. A map of the thermal aureole of the Northern Arran Granite showing 
the extent and distribution of the two metamorphic facies indentified from the 
petrography of the rocks collected at the locations indicated by their respective 
sample numbers as given in the text. 
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3.1 The Contact Metamorphic Aureole. 
The development of thermal metamorphic mineral assemblages within the au-
reole of the Northern Arran Granite, previously described by Gunn (1903) and 
Tyrrell (1928), is strongly dependent upon the distribution of the different litholo-
gies present. As noted in chapter 2, the granite is almost completely surrounded by 
Dalradian greenschist facies pelites, psammites and grits, except along its eastern 
margin where it is in contact with ORS sandstones and pillow basalts and shales 
of the HBC. 
The first efFects of thermal metamorphism can be detected in pelitic lithologies 
between 400 and 500 m from the Dalradian/ granite contact. In rocks collected 
from Glen Iorsa (No. 4600, GR 910379, 450 m from the contact) (Fig. 3.1 and 
Plate 3.1) and the Alit Gobhlach (No. 4400, GR 882441, 425 m from the contact) 
fine granular biotite begins to replace chlorite, and in the latter, small ( 1-2 mm) 
rounded porphyroblasts of cordierite appear. In certain rocks chlorite appears 
to be stable closer to the contact with the granite. A semipelite collected from 
the Alit nan Eireannach (No. 901, GR 910486, 250 m from the contact) retains 
lensoid fish of chlorite of syn-S2 age while new chlorite, epidote and actinolite have 
developed as fine grained granular aggregates along and across the pre-existing 52 
cleavage planes. Muscovite, chlorite and graphitic pelites collected from the same 
locality (Nos. 902, 904, 905) (Plate 3.2) show development of porphyroblasts of 
prismatic andalusite which cut the 52 cleavage. A similar graphitic pelite (No. 
701) belonging to the same stratigraphic horizon and at the same distance from 
the contact, collected 500 m along strike in the Abhainn Bheag (GR 918489) 
showed no evidence of the development of andalusite. 
Pelitic rocks less than 200 m from the granite show increasingly pervasive 
development of granular biotite, porphyroblastic cordierite and recrystallisation of 
quartz to form equidimensional, granular, strain free aggregates typical of hornfels 
rocks. The sporadic occurrence of andalusite (Tyrrell, 1928) is probably controlled 
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Plate 3.1. This pelitic rock shows the growth of granular biotite over the pre-
existing Caledonian fabric. The biotite is then distorted during the development of 
the 53 pressure solution cleavage. The granular biotite is interpreted as indicative 
of thermal metamorphisni. Dalradian pelite, No. 4600, Glen lorsa, GR 910379. 
Width of field = 1.5 mm, plane polarised light. 
Plate 3.2. This pelitic rock shows well developed prismatic andalusite cutting the 
52 cleavage (orientated E - W). These porphyrobla.sts have been rotated during 
syn-intrusion deformation and development of the 53 cleavage. Pressure shadows 
developed during rotation of the porphyrobla.sts show no consistent sense of shear, 
which suggest pure flattening strains. A weak S3 conjugate cleavage is developed 
in this rock, which can be detected from the folding of S2. Thin section cut in a 
vertical plane normal to the granite, with S2 sub-parallel to the granite contact. 
Dalradian pelite No. 902a, Allt an Eireannach, GR 910486. 'Width of field = 3.5 
mm, plane polarised light. 

by variations in the aluminium content of the rocks. A hornfels collected from an 
unnamed tributary to North Sannox Burn (No. 4000, GR 985469, 40 m from the 
contact) (Plate 3.3) has fine (0.1-0.5 mm) granular aggregates of biotite, cordierite 
and andalusite developed along the S2 cleavage planes. The rest of the rock is 
composed of equidimensional, recrystallised biotite, muscovite, strain free quartz 
and opaques which overprint the existing Caledonian fabric. 
The psammitic rocks show the first signs of alteration at distances less than 
-200 m from the granite contact. The original quartz grains have recrystallised 
to equigranular mosaics of strain free crystals, producing tough flinty hornfels. 
In rocks with a high clay content (e.g. No. 703, collected from the Abhainn 
Bheag) the existing cleavage planes are preserved by a secondary growth of gran-
ular aggregates of biotite and opaques. These quartz rich rocks do not have the 
high magnesium, iron and aluminium contents necessary to crystallise cordierite 
or andalusite. 
The ORS rocks within the aureole also show evidence of thermal alteration 
during emplacement of the granite. In Glen Rosa (GR 986381, 500 m from the 
contact) 0 RS rocks are bleached to a pale grey colour by reduction of their 
haematite cement. These rocks also contain small '(1 mm) crystals of granular 
epidote. They are separated from the granite by Dalradian rocks which become 
increasingly hornfelsed toward the granite. Immediately below the ORS unconfor-
mity the Dalradian rocks contain granular epidote, actinolite and biotite (e.g. No. 
18308, Univ. of Durham collection). These pass into rocks which show extensive 
recrystallisation to tough cordierite-bearing hornfels with equigranular textures. 
Andalusite has also been recorded in these rocks (Tyrrell, 1928). 
Tyrrell (1928) recorded bleaching and epidotisation of the ORS within a 50 m 
wide zone adjacent to the eastern margin of the granite. At the contact between 
the ORS rocks and the granite the sandstones are brecciated and contain epidote, 
chlorite and actinolite. Two rocks, one collected from the Uisge nam Fear (No. 
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Plate 3.3. This photomicrograph shows an intergrowth of granular biotite and 
andalusite (circled) together with cordierite (forming grey felted masses) devel-
oped along a foliation plane in a Dalradian pelite. Biotite, cordierite, andalusite 
hornfels, No. 4000b, North Glen Sannox, GR 985469. Width of field = 3.5 mrn, 
plane polarised light. 
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AR5201, GR 012413, 60 m from the contact) and the other from Corrie Burn (No. 
3100, Plate 3.4, GR 012417, 4 m from the contact) are composed of bleached, un-
recrystallised sandstone containing granular aggregates of epidote, chlorite and 
actinolite. This rock has been crushed to form a cataclastic fault breccia, com-
posed of angular clasts of altered sandstone in a matrix of finely ground quartz, 
sandstone clasts and epidote. The sample from Corrie Burn shows further growth 
of undeformed chlorite and actinolite between the sandstone clasts, after initial . 
brecciation of the rock. U ndeformed sheaths of chlorite are also seen in the rock 
from the Uisge nam Fear. A second rock (No. 3101) (Plate 3.5) collected at the 
ORS/granite contact in Corrie Burn shows that brecciation of these later bands 
of chlorite and actinolite is synchronous with brittle deformation of the granite 
along the contact. 
3.2 Interpretation of Aureole Temperatures. 
The thermally metamorphosed rocks in the aureole of the Northern Arran 
Granite can be divided into two groups on the basis of the mineral assemblages 
developed within them. This new mineral growth clearly overprints the Caledo-
nian fabrics described in chapter 2. The strongly recrystallised hornfels rocks con-
taining the mineral assemblage biotite-cordierite-( andalusite )-muscovite-quartz-
opaques form one group. The ORS adjacent to the eastern margin of the granite 
and the Dalradian rocks outside the hornfels zone (i.e. over 200 m from the 
granite contact) form the second group. These are characterised by the min-
eral assemblage epidote-actinolite-biotite-chlorite-muscovite-quartz, and do not 
show recrystallisation to an equigranular hornfels. These mineral assemblages 
can be assigned to the hornblende-hornfels facies and the albite-epidote facies 
respectively. 
Turner (1981) defined the upper limit of the albite-epidote facies (the lower 
limit of the hornblende-hornfels facies) by the breakdown of epidote and the 
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Plate 3.4. Photomicrograph of a breccia collected 4 m from the contact between 
the ORS and the coarse granite in Corrie burn. The rock has previously been 
described as a mylonite. Angular grains of quartz and sandstone in a matrix 
of finely ground quartz is indicative of brittle, cataclastic deformation at low 
temperatures and/ or high strain rates. Acicular actinolite is developed along a 
fracture. Granular epidote is visible in the groundmass. Cataclasite, No. 3100, 
Corrie burn, GR 012417. vVidth of field = 3.5 mm, crossed polars. 
Plate 3.5. Cataclastic rock collected from the contact between the coarse granite 
{left side of view) and ORS (right side of view). This rock is similar to No. 3100 
{Plate 3.4) but shows further deformation which results in the brecciation of the 
actinolite veins noted in 3100. Cataclasite, No. 310~(, Corrie burn, GR 012417. 
vVidth of field = 3 .. 5 mm, crossed polars. 

transformation of actinolite to aluminous hornblende, and the upper limit of 
the hornblende-hornfels facies as lying in the region of the muscovite breakdown 
reaction:-
muscovite= corundum+ alkali feldspar 3.1 
A crystallisation pressure of between 0.5 and 1.0 kbar can be assumed if the 
thickness of the roof of the granite is taken to be between 2 and 3 km (chapter 2). 
At these pressures, reaction 3.1 occurs at approximately 600°C using the pressure-
temperature grid for quartz-saturated pelitic rocks published by Pattison & Harte 
(1985). Turner (1981) suggested the lower limit of the hornblende-hornfels facies 
occurred at approximately 350°C, and the lower limit of the albite-epidote facies 
at 300°C 1 kbar pH20. Since all the rocks described from the aureole of the 
Northern Arran granite are quartz- saturated and contain the assemblage quartz 
+ muscovite, neither of which are being consumed at the expense of the growth 
of alkali feldspar or sillimanite/andalusite, an upper limit can be placed on the 
temperature of the metamorphic aureole. The reaction:-
muscovite+ quartz = sillimanite+ alkali feldspar+ H20 3.2 
occurs at approximately 550°C at 1kbar, pH20 (Pattison & Harte, 1985), indi-
cating a maximum aureole temperature of 550°C. This temperature is greatly 
in excess of the temperature range of greenschist facies regional metamorphism 
(250 to 350°C) previously experienced by the Dalradian rocks. 
3.3 The Structure of the Metamorphic Aureole. 
The Dalradian the rocks metamorphosed in the hornblende-hornfels facies 
are always found within 200 m of the granite, inside the zone of albite-epidote 
facies rocks. The two zones are clearly concentric (Fig. 3.1) and of approximately 
constant width suggesting that a uniform temperature gradient existed normal to 
the margin of the granite. This indicates that thermal alteration of the Dalradian 
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rocks is clearly associated with the rise of the hot granitic magma. It also supports 
field mapping which indicates that the granite has a uniform steeply dipping 
contact with the Dalradian. 
The ORS rocks along the eastern margin of the granite have developed an 
albite-epidote facies mineral assemblage indicating they equilibrated at between 
300 and 350°C. The only rocks containing hornblende-hornfels facies mineral 
assemblages along the eastern contact are Dalradian hornfelsed semi-pelites which 
form a narrow inlier exposed in the Allt a' Chapuill (GR 004442), which are 
olb; ~-e.p ;tkfl- -{-otJu 
intruded by the granite, and separated by a fault from ttnlltllh;tttllr~a ORS. 
There is good evidence that this fault continues along the contact between the 
granite and the ORS for some distance to the south. In Coire nan Larach burn 
( G R 012430) a 2 m wide zone of recrystallised breccia separates the 0 RS from 
the granite. The rocks from Corrie burn (described above) clearly indicate fault 
movement along the contact during development of the thermal aureole (and by 
implication during emplacement of the granite). A similar fault rock (AR 5201) 
was also described from the ORS outcropping against a sheared Dalradian hornfels 
in the Usige nam Fear. These fault breccias have previously been described as 'a 
narrow zone of compact sheared material' by Bailey (1926), and as a mylonite by 
Tyrrell (1928). Both these authors clearly mapped a fault- the Goat Fell Fault-
along the Eastern margin of the granite. 
A complete sequence of ORS and Dalradian rocks metamorphosed in the 
albite-epidote facies through to hornblende-hornfels facies Dalradian rocks oc-
curs in Glen Rosa (see above). Along the eastern margin of the granite this 
sequence is not observed and the width of the thermal aureole is considerably 
truncated, from approximately 500 m t.o 50m, by faulting which appears to have 
cut out albite-epidote facies Dalradian rocks in the Usige nam Fear and the Allt 
a' Chappuil (Fig. 3.2). The truncation of the thermal aureole appears to have 
been caused by this faulting. The reduction in width of the thermal aureole may 
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Figure 3.2. Detailed map of the eastern margin of the Northern Granite showing 
the truncation of the thermal aureole of the granite by postulated syn-intrusion 
movement on the Goat Fell Fault. (A cross section through the contact at Allt a' 
Chapuill is given in Fig. 4.36.) 
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also have been enhanced by a decrease in the thermal gradient. This could have 
been caused by water circulating through the fault breccias developed along the 
contact conducting away heat. Alternatively the granite may have partly cooled 
before the ORS was faulted against it, and hence it would have heated the latter 
to a lower maximum temperature. 
3.4 Fabric Development. 
A number of thin sections taken from Dalradian pelites collected at Glenshant 
Hill (GR 989395) and North Glen Sannox (GR 985472) show porphyroblasts of 
cordierite, (2-4 nun in dia.), cut by, and flattened in the plane of a pressure solu-
tion cleavage (Plate 3 .. 6). Other samples from the Allt an Eireannach (GR 910486) 
(Plate 3.2) show a conjugate creuulation cleavage distorted around porphyroblasts 
of andalusite which have overgrown the 82 cleavage. These samples indicate that 
deformation of the rocks occurred after the peak of thermal metamorphism. In 
these samples, the flattening indicated by the cleavage is sub-parallel to the gran-
ite margin. At Glenshant Hill it can be clearly demonstrated that this cleavage 
is axial planar to a set of minor folds, which deform the 82 cleavage. The axial 
planes of these folds and the cleavage dip steeply northward, while bedding dips 
steeply to the south. This relationship indicates northward vergence, toward the 
granite. The development of this cleavage and its age relative to the emplacement 
of the granite will be discussed in the next chapter. 
3.5 Summary. 
The Northern Arran Granite has a narrow thermal aureole which is approxi-
mately 500 m in width. The Dalradian rocks record increasing metamorphic grade 
toward the granite. Actinolite, chlorite, epidote bearing rocks of albite-epidote fa-
cies paragenesis ( 300 to 350°C at 1 kbar) grade into biotite, cordierite, andalusite 
3G 
Plate 3.6. Well developed cordierite cut by a pressure solution cleavage (53) in 
a hornfelsed pelite. Cordierite hornfels, No. 4900, Glenshant Hill, GR 989394. 
Width of field = 3.5 mm, crossed polars. 

bearing hornfels of hornblende hornfels facies paragenesis ( 350 to 600°C at 1 kbar ). 
A maximum aureole temperature of 550°C can be implied from the absence of any 
evidence that the muscovite, quartz dehydration reaction (reaction 3.2) occurred 
in any of the Dalradian rocks. ~buth of the granite, in Glen Rosa, rocks meta-
morphosed at albite-epidote facies temperatures are found on both sides of the 
ORS/Dalradian unconformity. The Dalradian rocks then pass into hornblende-
hornfels facies rocks indicating the aureole is completely developed in this area. 0 n 
the eastern margin of the granite the Dalradian rocks are largely absent. Here the 
aureole is truncated to a width of 50 m by faulting which displaced albite-epidote 
facies ORS rocks against the granite during its emplacement. The otherwise reg-
ular, concentric, geometry of the aureole indicates that the granite has smooth 
steeply dipping contacts with its wall rocks. 
Porphyroblasts developed in the pelitic Dalradian rocks pre-date a spaced 
cleavage which is axial planar to a set of folds which deform the 82 cleavage. 
These folds and associated cleavage verge toward the contact with the granite. 
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CHAPTER 4 
INTRUSION RELATED STRUCTURES 
AROUND THE NORTHERN ARRAN GRANITE 
Since the earliest recorded geological fieldwork in Arran, by Hutton (1795 ), 
it has been recognised that the Northern Arran Granite is surrounded by rocks 
strongly deformed by its emplaceinent. Gunn (1903), and subsequently Bailey 
(1926) and Tyrrell (1928), regarded the granite as being forcefully emplaced. 
This view of the outer granite is generally accepted. Most of the post-Permian 
mo~ement in the Laggan/Brodick Bay fault system has always been attributed 
to intrusion of the granite"(Tyrrell, 1928; Woodcock & Underhill, 1987),-but the 
deformation of the Dalradian rocks during intrusion of the granite has never been 
the subject of detailed work. However it is clear that the deformation of the Dal-
radian rocks may provide more information about the ascent and emplacement of 
the granite than the faulted ORS-Carboniferous rocks. 
This chapter will describe the deformation of the Dalradian rocks and how 
the resulting structures may be interpreted. This is followed by a description and 
discussion of the faulting associated with the emplacement of the granite. Finally 
the interpretation of the gross structure of the aureole will be discussed and a 
model for ~he ascent and emplacement of the granite based on the structural data 
will be derived. 
4.1 The Contact between the Dalradian rocks and the Northern Granite. 
For much of its circumference the contact between the outer coarse granite and 
its aureole is poorly exposed. The sub-circular contact shown on geological maps 
(Fig. 4.1) is largely established on the basis of an increase in slope as the contact 
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Figure 4.1. The geology of North Arran, showing the structure of the Dalradian 
rocks _and the position of the Granite/Dalradian contact . 
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is crossed from the aureole into the granite. However there are some exposures 
of the contact with goocl vertical relief which. give an indication of its orientation. 
On the northern margin of the granite the contact is well exposed in the cliffs of 
Tor Nead an Eoin (GR 950491), and the hills of Madadh Lounie (GR 921487) and 
Creagan nan Gobhar (GR 911487) on either side of the mouth of Glen Catacol. 
On its western margin the contact is exposed in the Alit Goblach ( GR 884439) 
and to the south of the granite on Glenshant Hill (GR 986394). At Tor Nead an 
Eoin and in Glen Catacol the contact dips steeply outward at about 80° near sea 
level; shallowing to 70° at 300 m. In the Alit Goblach it is vertical. The contact 
can be traced from Glenshant Hill to the Garbh Alit across Glen Rosa where it 
extends to the southeast, indicating a steep dip in this direction. 
The contact is generally smooth and very sharp. The Dalradian rocks always 
dip away from the margin of the granite or are parallel to it on a gross scale. In 
detail the contact is slightly irregular. For example, at Madadh Lounie, Creagan 
nan Gobhar and Glenshant Hill a limited number of sub-horizontal and irregular 
veins of granite cut the Dalradian. Xenoliths of Dalradian in the granite are 
rare, even at the contact, where they are found only within the chilled margins 
of the intrusion. Along the west and south sides of the intrusion the strike of 
the Dalradian rocks is parallel to the edge of the granite. To the northeast and 
southwest the Dalradian rocks in the core of the Aberfoyle synform strike at an 
angle to the contact. Between Torr Nead an Eoin and Cnocan Donna (GR 995460) 
the Dalradian and Highland Border Complex rocks strike approximately North-
South. Hence they must be cut by the NW-SE trending margin of the granite. 
This relationship can be demonstrated in a small tributary to North Sannox Burn 
at GR 980473. However in North Sannox burn a well exposed contact at GR 
985468 indicates that the Dalradian rocks are locally deformed so that their strike 
is parallel to the contact. Southwest of the granite the contact is not exposed 
and hence it is impossible to deterinine whether the Dalradian rocks are deflected 
39 
from their general East-West strike within the core of the Aberfoyle synform. 
Within the 200 m wide zone of hornfels rocks (chapter 3) the Dalradian rocks 
dip very steeply outward from the granite at between 70° and 80°. Outside the 
hornfels zone the dip shallows sharply to around 60°. On the western side of the 
granite graded bedding in grits exposed to the east of Thunderguy at GR 884464, 
and along the west coast of the island, consistently indicate that these rocks are 
overturned and that they young toward the granite. South of the granite similar 
graded units indicate the rocks are the right way up and young toward the South. 
The 51 cleavage in these rocks always dips at a shallower angle than bedding, 
confirming that all the Dalradian rocks exposed to the south of the granite lie in 
the SE limb of the Aberfoyle Synform (chapter 2). 
The strike of the pelitic units in the core of the Aberfoyle Synform is clearly 
distorted from the NE-SW regional trend of this structure. To the northeast 
and southwest of the granite its strike is deflected eastwards, sub-parallel to the 
granite margin. In both areas the rocks retain their· original steep dip. 
Hence it appears from the stratigraphy of the Dalradian rocks and their con-
tact with the granite that the Aberfoyle Synform has been partly cut and partly 
deformed by the intrusion of the pluton. The granite clearly cuts the axial plane 
and core of the fold, but deflects its northwest and southeast limbs upwards and 
outwards.ilespc.cti.cls, This has resulted in the development of a zone of steeply 
outward dipping rocks around the granite. 
4.2 Geometry of the Catacol Synform. and Associated Minor Structures. 
Exposures of SE dipping Dalradian rocks which young to the NW can be found 
along the coast between Catacol (GR 910496) and North Newton (GR 941522). 
These rocks, and others exposed on the coast further south (chapter 2), lie in the 
NW limb of the Aberfoyle synform. The 51 cleavage in these rocks dips more 
steeply than bedding, so they are downward facing. The northwest and westerly 
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dipping rocks adjacent to the granite and lying to the northwest of the axial plane 
of the Aberfoyle synform also belong to the NW limb of this structure (Fig. 4.1). 
However the 51 cleavage in these rocks dips at a shallower angle than bedding. 
This is due to the refolding of the NW limb of the Aberfoyle synform about the 
axial plane of a later synform parallel to the granite/Dalradian contact. This 
structure was first noted by Gunn (1903). Bailey (1926) observed that its axial 
plane was concentric to the granite and hence attributed its formation to forceful 
intrusion of the pluton into the Dalradian. This fold is referred to as the Catacol 
Synform. 
The hinge of the synform can be traced as a zone of neutrally verging folds 
in pelitic and psammitic Dalradian rocks which outcrop on the western shores of 
the island (approximately 1.5 km from the granite). To the north of Catacol and 
to the south of Whitefarland point (GR 867427) the fold runs inland, crossing 
the axial plane of the Aberfoyle synform to the northeast and southwest of the 
granite at approxima.tely 90° before fading out (Fig. 4.1). Hence the fold is largely 
confined to the NW limb of the Aberfoyle synform. 
As noted above,· uplift of the Dalradian rocks has occurred to the south of 
the granite, but no fold appears in this area. The dip of the Dalradian rocks 
decreases as they pass beneath the ORS unconformity. Similarly dips in the ORS 
rocks decrease southwards away from the granite. Shallow southward regional 
dips can be measured in Permian rocks approximately 5 km to the south of the 
granite at Machrie ( GR 897330). This suggests uplift due to the intrusion of the 
northern granite diminished within a radius of 5 km from its margin. 
The Catacol synform refolds the Aberfoyle synform and the 51 and 52 cleav-
ages developed during the Caledonian deformation (chapter 2). The scale and 
geometry of this refolding has been examined using the bedding ( 5.~)' and the 
bedding/ 51 cleavage intersection lineation (5.~/ Sl). There is no evidence that the 
geometry of this lineation has been strongly disturbed by post D1 Caledonian 
41 
deformation. The lithostratigraphy and the 52 cleavage geometry are unsuitable 
for analysing the structure of the Catacol synform because the lithostratigraphy 
around the granite is not uniform and the 52 cleavage cross cuts the axial plane 
of the Aberfoyle synform so that it does not have a constant vergence relationship 
to bedding on either side of the axial plane of this structure. 
Immediately south of the Laggan Fault between North Newton and Creag 
Glas Laggan (GR 972503) a narrow strip of Dalradian rocks have the NE-SW 
regional strike of the Dalradian on the Scottish mainland. On this basis these 
rocks are taken to be largely unaffected by syn-intrusion deformation. Hence · 
they could be used as a reference orientation in determining the geometry of the 
Catacol synform and the deformation associated with its formation. Inland of 
these localities the strike and axial plane of the Aberfoyle synform swings toward 
a NW-SE strike about the axial plane of the Catacol synform. 
Figure 4.2 shows that the 'undeformed' rocks of the Aberfoyle synform, im-
mediately south of the Laggan F~ult, dip at between 20° and 80° toward the 
East and have a NNE-SSW to NE-SW strike. This strike variation suggests they 
have been slightly deflected from the NE-SW strike measureable across the Isle of 
Bute. The 58 /51 intersection lineation is sub-horizontal and parallel to the strike 
of bedding. 
Across the axial plane of the Catacol synform bedding shows a wide variation 
in dip and dip direction from 70° toward theE, to 30° toward the NNE (Fig. 4.3). 
The steeply eastward dipping rocks lie on the SE limb of the Aberfoyle synform in 
the Nort~1 Sannox area. These rocks show little evidence of having been refolded. 
The shallowly dipping NW-SE striking rocks from Glen Charmadale lie in the 
NW limb of the Aberfoyle synform. Their rotation is clearly the result of folding 
around the axial plane of the Catacol synform. The 5.~/ 51 intersection lineation 
south of the Catacol synform is rotated into a N-S orientation, but remains sub-
horizontal. Figures 4.2 and 4.3 do show some variation in the orientation of this 
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Figure 4.2. Equal area stereogram showing the orientation of bedding (solid 
circles) and the s.'J I sl intersection lineation (crosses) measured from the Dalradian 
rocks between North Newton and Creag Glas Laggan, north of the axial plane of 
the Catacol synform. The great circle shows the average dip of bedding in the 
northern limb of the Catacol synform. 
Figure 4.3. Equal area stereogram showing the orientation of bedding (solid 
circles) and the Ss/ S1 intersection lineation (crosses) measured from the Dalradian 
rocks iu Glen Charmadale and North Glen Sannox, south ~f the axial plane of the 
Catacol synform. Great circle shows the average dip of bedding in the southern 
limb of the Catacol synform. 
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lineation. In particular the more steeply dipping lineations are due to the non-
parallel strike of 5.~ and 51 measured at some localities. 
The geometry of the Catacol Synform to the north of the granite can be 
deduced by combining figures 4.2 and 4.3 (Fig. 4.4). From this it can be seen that 
the 5.~/ 51 intersection lineations lie on a poorly defined great circle, suggesting 
that the fold is of 'similar' type (Ramsay, 1960). There is considerable spread 
in bedding orientation, but reference to figs 4.2 and 4.3 allow the two limbs of 
the Catacol synform to be defined. An average orientation of the undeformed 
limb of 30° toward 120° (dip and dip direction) was d~termined from figure 4.2 
by obtaining the best fit great circle to the 5s/ 51 intesection lineations. Each 
measurement of a lineation is taken as the plunge of that lineation on the bedding 
'plane at outcrop. Hence the lineation must lie on a bedding plane when plotted on 
the stereonet. Fitting the lineations to a great circle gives an average orientation 
for bedding in a particular limb of the fold. This technique was used to determine 
an orientation of 26° toward 086° for the deformed limb of the fold from figure 4.3. 
This estimation is poor due to the wide range of orientations shown by bedding 
in this limb, as it is not a planar feature. This is particularly clear from figure 
4.1 which shows that it swings into an orientation which is sub-parallel to the 
margin of the granite. The angle of dip of bedding remains almost constant along 
strike around the axial plane of the Catacol synform. The deformed limb is not.c· 
upturned against the granite, except close to its margin. 
The intersection of the two great circles repesenting the fold limbs indicates 
the Catacol synform plunges at 29° toward 084". By constructing the profile plane 
and determining the position of the hinge of the fold the approximate orientation 
of axial plane of the Catacol synform can be determined (Fig. 4.4). 
The refolded core of the Aberfoyle synform is poorly exposed to the south-
west of the Northern Granite. Figure 4.5 shows the 5.~ and 5s/ 51 intersection 
lineation for the Dalradian rocks in the western limb of the Catacol synform be-
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Figure 4.4. Equal area stereogram compiled from Figs. 4.2 & 4.3, showing the 
geometry of the Catacol synform to the north of the northe_cn granite. 
N 
tween Whitefarland and Dougrie ( GR 877374 ). The only feature notable from 
this set of data is the NW-SE strike of bedding parallel to the granite margin. 
This suggests intrusion of the granite has distorted the Dalradian rocks from the 
regional NE-SW trend. Figure 4.6 shows the orientation of bedding and the S.~/ S1 
intersection lineation taken from two stream sections (Glen Scaftigill and the Allt 
na'h Airidhe) which expose rocks in the SE limb of the Aberfoyle synform. These 
rocks are overturned and dip steeply (60°- 80°) toward the NW. This suggests 
these rocks have not been strongly affected by the intrusion of the granite. 
Further east, between Glen lorsa and Glenshant Hill, the strike of bedding in 
the SE limb of the Aberfoyle Synform is parallel to the southern margin of the 
granite (Fig. 4.1). This is the result of open folding of the rocks about a steeply 
SE plunging axis parallel to the margin of the granite, which is reflected in the 
spread of the Ss/ S1 intersection lineation data from its original sub-horizontal 
orientation (Fig. 4.7). 
As noted above, the Dalradian rocks in the NW limb of the Aberfoyle synform, 
on the western side of the island, dip away from the granite. The axis of the 
Catacol synform runs along the coast in this area. As with the Dalradian south 
of the granite, the strike of bedding in these rocks is parallel to the edge of the 
intrusion (Fig. 4.1). Figure 4.8 shows data collected from the Thunderguy (GR 
880467) and Pirnmill (GR 871441) area, where the granite/Dalradain contact 
has a NNE-SSW strike. The plot shows that the Ss/ S1 intersection lineation 
has remained approximately horizontal, suggesting that folding in this area took 
place around an axis parallel to the strike of bedding. The range of dip shown by 
bedding reflects the steepening of the eastern limb of the Catacol synform against 
the granite. 
Figures 4.9 and 4.10 show data collected from sections through Lochranza 
and Catacol, normal to the axis of the Catacol synform. Both figures indicate a 
variation in the dip of bedding either side of the fold axis (the poles to bedding 
44 
Figure 4.5. Equal area stereogram showing the orientation of bedding (solid 
circles) and the 53 /Sl intersection lineation (crosses) measured from the Dalra-
dian rocks in the western limb of the Catacol synform between Whitefarland and 
Dougrie. 
Figure 4.6. Equal area stereogram showing the orientation of bedding (solid 
circles) and the 53/ S 1 intersection lineation (crosses) measured from the Dalradian 
rocks in the SE limb of the A berfoyle synform to the east of the axial plane of the 
Catacol synform, S\V of the northern granite. 
N 
Figure 4. 7. Equal area stereogram showing the orientation of bedding (solid 
circles) and the S.~/ S1 intersection lineation (crosses) measured from the Dalradian 
rocks to the south of the northern granite, between Glen Iorsa and Glenshant Hill. 
fig. 4.7. N 
Figure 4.8. Equal area stereogram showing the orientation of bedding (solid 
circles) and the 53 / S1 intersection lineation (crosses) measured from the Dalradian 
rocks to the west of the northern granite. 
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Figure 4.9. Equal area stereogram showing the orientation ofbedding (solid cir-
cles) and the 53 / S1 intersection lineation (crosses) measured from a cross section, 
normal to the a..xis of the Catacol synform, through Lochranza. The axial plane 
of the Catacol synform is marked A/P. 
Figure 4.10. Equal area stereogram showing the orientation of bedding (solid 
circles) and the S,,j S 1 intersection lineation (crosses) measured from a cross sec-
tion, normal to the axis of the Cata.col synform, through Catacol. The axial plane 
of the Catacol synform is marked A/P. 
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planes lie along the profile plane of the fold) indicating that the Catacol synform 
has a cylindrical geometry in these areas. This differs from the more angular 
geometry of the fold in Glen Charmadale, indicated in figures 4.2 and 4.3. The 
spread in orientation data for the NW dipping limb of the fold in figure 4.10 is due 
to plotting data from a number of localities adjacent to the granite margin. The 
5,q/ 51 intersection lineation data, although poor, suggests the lineation remains 
approximately horizontal in the Catacol area (Fig. 4.10) but steeper plunges 
measured in the Lochranza section indicates folding across the strike of bedding 
(Fig. 4.9). Comparison of these figures with figure 4.4 indicates a decrease in 
the angle of plunge of the hinge of the Catacol synform. The rotation of the 
hinge direction toward a more northerly azimuth in Figs. 4.9 and 4.10 reflects the 
change in strike of the axial plane of the fold so that it remains parallel to the 
edge of the granite. A change in dip direction of the axial plane of the fold from 
o.WA'( froft. -tOWMls 
t@wud the granite in Glen Charmadale, to away tf@lll the granite in Lochranza 
and Catacol is also indicated.· The increasing plunge of the Catacol synform (Figs. 
4.4, 4.9 & 4.10) toward the axial plane of the Aberfoyle synform is a consequence 
of the increasing dip of the Dalradian rocks in the axial plane of the former. 
The stereonets do not clearly show the actual profile of the fold in the Lochranza 
and Catacol areas. These are shown in figure 4.11 (Plate 4.1). The main feature 
of interest is the zone of steeply dippii1g rocks which extends to about 200m 
from the granite, outside which the dip begins to shallow toward the fold hinge. 
This zone corresponds to the hornfels zone described in chapter 3. These rocks 
have been strongly recrystallised and are segregated into quartzose and mafic rich 
bands along the original 52 cleavage planes. Bedding and the 51 cleavage are 
often completely overprinted by this recrystallisation. Recrystallisation of these 
rocks at elevated temperatures would have softened them and hence they would 
be more deformable. This would have allowed a zone of enhanced strain to de-
velop parallel and adjacent to the margin of the granite during its intrusion. The 
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Figure 4.11. Cross sections through a) Lochranza, and b) Catacol, showing 
the profile of the Catacol synform between the coast and the granite/Dalradian 
contact. The fold is slightly asymmetric; its axial plane dips steeply toward the 
granite. A zone of steeply dipping rocks occurs against the' granite. The width of 
this zone corresponds closely to that of the hornblende-hornfels zone; the outer 
edge of which is marked by a dashed line. 
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Plate 4.1. View of the north side of Glen Catacol. The granite (right side of 
view, white outcrop) can be seen in contact with Dalradian psammites (left side 
of view, grey outcrop) on Madadh Lounie. The Dalradian dips vertically at its 
contact with the granite, but shallows rapidly toward the west, as indicated by 
the ridges in the topography ( cf Fig. 4.11 b). 

granular hornfels texture of these rocks is probably the result of annealing, or sec-
ondary recrystallisation, following deformation (Hobbs et. al., 1976). This zone 
of steepened rocks is not confined to the inner limb of the Catacol synform but 
is developed wherever hornblende-hornfels facies Dalradian rocks are in contact 
with the granite. 
A post 52 age for the Catacol synform can be established from the vergence of 
axial planar minor folds (F3) which deform the 52 cleavage (Fig. 4.12). Between 
the hinge of the synform and the margin of the granite these minor folds verge 
away from the hinge, toward the granite. This is consistent with their formation 
being the result of the development of the synform. This limb of the Catacol 
synform will be referred to as the 'inner limb' in the following sections. Between 
the axial plane of the synform and the coast the post 52 folds verge away from the 
granite (i.e. opposite vergence to the folds on the inner limb). This limb of the 
fold will be referred to as the 'outer limb'. The core of the fold can be traced from 
a zone of these strongly developed post 52 folds which show neutral vergence, as 
noted above. 
Minor post 52 folds are also developed in the southeast limb of the Aberfoyle 
synform to the south of the granite, where they verge toward the intrusion. Hence 
it is clear that their formation is not directly related to development of the Catacol 
synform, but perhaps more closely to folding of the Dalradian rocks over the 
Northern Granite to form an antiformal dome structure. 
A third cleavage (53) occurs in the pelitic lithologies of the Dalradian. This 
cleavage is generally weak and is rarely found in the semi-pelitic or psammitic 
rocks. It is developed parallel to the axial planes of the post-52 folds. When the 
orientation of this cleavage is studied in detail it is clear that it is not always 
parallel to the strike of bedding or the axial plane of the Catacol synform. Figure 
4.13 shows that this cleavage cross cuts, or transects, the fold axis. The presence 
of a transecting cleavage suggests a component of shear across the fold during its 
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Figure 4.12. Equal area stereogram showing the orientation of post 52 folds (F3 ) 
(open circles) taken from the cross section through the Catacol synform at Catacol 
(Fig. 4.10 & 4.11 b)). The data show a broad distribution which is bisected by 
the a.x:ial plane of the synform (solid line). 
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development. The cleavage would have formed slightly later than the fold. The 
fold axis would have been rotated out of the X-Y plane of the strain ellipsoid 
before the necessary strain ( ~ 10%) developed in these rocks to produce the 
cleavage (Soper, 1986). Alternatively the stress field may have rotated relative to 
the pre-existing axial plane causing the cleavage to form in a different orientation. 
The 53 foliation is commonly developed as a pressure solution cleavage, par-
ticularly in the hornfels zone (Chapter 3). It is always aligned sub-parallel to 
the granite margin and hence it represents flattening in this plane. The cleavage 
is not folded or rotated into a shallower orientation within the steepened inner 
limb of the synform adjacent to the granite. The cleavage cuts porphyroblasts of 
cordierite developed in the Hornfels zone (section 3.4 and Plate 3.6). Therefore 
the 53 cleavage developed during or after thermal metamorphism. This implies a 
syn thermal aureole age for the Catacol synform, which confirms Bailey's (1926) 
assumption that it was related to the emplacement of the granite. Outside the 
hornfels zone (e.g. in the AUt an Eireannach, GR 910486) orientated thin sections 
show that the 53 cleavage develops a conjugate set (Plate 3.2). Both cleavages are 
distorted around porphyroblasts of andalusite, which have associated quartz filled 
pressure shadows. The geometry of the pressure shadows suggest they formed 
during rotation of the porphyroblasts into the flattening plane indicated by the 
cleavage. The rotated porphyroblasts do not show a consistent shear sense in thin 
sections cut in vertical and horizontal planes normal to the margin of the granite. 
This suggests the 53 cleavage developed by pure shear and that it represents ~ 
flattening strain (k ~ 0) normal to the granite contact. (k = ~/! and X, Y and 
Z are the major intermediate and minor axes of the strain ellipsoid.) The por-
phyroblasts developed in the hornfels zone which are cut by the pressure solution 
cleavage show no clear distortion which would suggest simple shear deformation. 
Hence it has also been assumed that the cleavage in the inner part of the aureole 
also represents a flattening strain as a result of pure shear. A pure shear model for 
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formation of the cleavage is clearly not compatible with the hypothesis that it is a 
transecting cleavage recording a component of shear (Fig. 4.13) but supports the 
idea that the stress field rotated between the formation of the Catacol synform 
and the cleavage. 
It has been established from structural data that the Catacol synform is an 
arcuate structure, concentric to the margin of the Northern Arran Outer granite, 
which refolds the NW limb and axial plane of the Caledonian Aberfoyle synform. 
A cleavage (53) cross cutting the axial plane of the Catacol synform and cutting 
porphyroblasts in the metamorphic aureole of the granite indicate the fold is of 
syn-intrttsion age. The granite clearly cuts the axial plane of the Aberfoyle syn-
form so that the SW limb of this structure now lies to the south of the granite. 
The inner limb of the Catacol synform now dipping steeply away from the granite 
was formed by the refolding of the NW limb of the Aberfoyle synform. Adja-
cent to the granite is a zone of rocks which have a near vertical dip parallel to 
the granite contact. The width of this zone corresponds closely to the width of 
the hornblende-hornfels zone of the thermal aureole. The 53 cleavage developed 
sub-parallel to the margin of the grmiite and post dating the growth of contact 
metamorphic mineral assemblages indicates flattening strains developed around 
the intrusion in the plane of its contact with the Dalradian as temperatures began 
to fall. 
4.3 The Formation of the Catacol Synform: Evidence for the Vertical 
Ascent of a Magma Body. 
The general geometry and present orientation of the Aberfoyle and Catacol 
synforms is shown in figure 4.14. As noted above the outer limb of the Catacol 
synform is formed from the relatively undeformed .SE dipping NW limb of the 
Aberfoyle synfon~1. This limb dipped toward the SE prior to intrusion of t.he 
granite. Therefore the inner limb of the Catacol synform was formed by upturning 
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Figure 4.13. Map of North Arran showing the geometry of the S3 cleavage with 
respect to the margin of the northern granite, and the axial plane of the Catacol 
synform. 
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Figure. 4.14. A three dimensional drawing of the interpreted structure of the 
Dalradian rocks around the Northern Arran Granite as viewed from the west. 
The granite (unshaded) is shown as a sub-spherical body with a hemispherical 
upper surface. The bedding planes of the Aberfoyle synform and the axial plane 
of this s.tructure (shaded) are shown deformed around the intrusion. The a...Ual 
plane of the Catacol synform runs parallel to the margin of the granite across the 
NW limb of the Aberfoyle synform shown in the foreground 
. 
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part of the NW limb of the Caledonian fold along a hinge parallel to the margin 
of the granite. Hence the Catacol synform is strictly a monoform structure since 
it formed by shear of one limb only. The SE limb of the Aberfoyle synform is 
not folded by the Catacol synform. Rocks belonging to this limb are exposed to 
Ufw'....tJ 0.~ ~~~ 
the south of the granite where they appear to have been deflected in a lu:ri3~1itJal 
~during emplacement of the granite. 
The granite has clearly cut the axial plane of the Aberfoyle synform. In doing 
so it appears to have cut this fold structure into two so that it rose between the 
NE and SW limbs of the fold. The present geometry of the NW and SE limbs 
of the Aberfoyle synform appear to be controlled by their geometry prior to the 
intrusion of the granite. If the granite rose vertically up the axial plane of the fold 
the SE limb would have been sub-parallel to the surface of the body and could 
simply have been pushed aside. The NW limb would have intersected the surface 
of the body at a high angle and hence would have to be deflected upward (or 
downward) to permit ascent of the granite. Consequently the Catacol synform 
would have developed as the rising granite intersected rocks dipping at a high 
angle to its surface. Hence the development of the Catacol synform is largely 
confined to the NW limb of the Aberfoyle synform. 
The axial plane of the Aberfoyle synform is folded into a NW-SE orientation 
around the axial plane of the Catacol synform both to the NE and SW of the 
granite. Hence the margin of the granite cuts the axial plane of the former at a 
shallow angle (Fig. 4.1). The Ss/51 intersection lineation remains sub-horizontal 
(Figs. 4.2 & 4.3) around this fold structure indicating that folding was achieved 
with very little deflection of the F1 fold hinge in a vertical plane. Thus it appears 
· that the folding resulted from sideways movement of the Dalradian. This indi-
cates that formation of the Catacol synform involved both upward and outward 
displacement of the aureole rocks. 
Where vertical exposure is good (e.g. Glen Catacol, Torr N ead an Eo in) it 
... 
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is clear that the zone of hornblende-hornfels facies rocks maintains a constant 
thickness parallel to the granite contact. Although these rocks are more steeply 
dipping than the adjacent albite-epidote facies rocks they do not obviously record 
higher strains. No feature such as strongly stretched pebbles, suggesting high 
strain ductile deformation wqs~' noted. It is possible that such features were oblit-
erated by the secondary recrystallisation but relict fabrics might still be expected 
in some of the rocks. However it is clear from the quartz-mafic segregation and the 
development of the S3 cleavage in the pelitic units that these rocks were strongly 
flattened parallel to the contact with the granite. High strains may be absent be-
cause in detail the granite cuts the Dalradian bedding and foliation at the contact 
(section 4.1) which would represent an infi~e strain since originally continuous 
bedding has been completely attenuated (Fig. 4.15 ). 
Figure 4.16 shows schematically the distribution of an originally horizontal 
~ 
lineation following vertical intrusion o({hemispherical body. ,In the case of North 
Arran the granite only updomes one limb of the Aberfoyle synform. Hence only 
one half of the dome structure is of interest in interpreting the structure of the 
aureole of the granite in this case. Where the lineation is parallel to the margin 
of the rising body it will retain its sub-horizontal orientation. At increasingly 
high initial angles to the margin of the intruding body the stretching lineati01i is 
steepened and also rotated in a horizontal plane. As a hemispherical body rises 
it induces a strain over its surface which would potentially develop a stretching 
lineation in a vertical plane with a trajectory as indicated by the arrows in fig-
ure 4.16 (b). With increasing strains the pre-existing lineation intersecting the 
body at a high angle becomes further steepened. However lineations at shallow 
angles to the margin of the intrusive body will retain a near horizontal orientation 
but will be rotated parallel to the margin of the body. This is because for any 
single horizontal plane the radius of the concentric synform will increase as the 
hemisphere rises and rotates its roof rocks outward and upward (Fig. 4.17). 
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Figure 4.15. The geometry of the Dalradia.n rocks adjacent to the northern 
granite (cf Fig. 4.11). Bedding is upturned within the hornfels zone and then cut 
by the granite. The graph shows qualitatively the distribution of strain ( TJ) across 
the inner limb of the Catacol synform, into the hornfels· zone. Maximum strains 
occur at the contact where bedding is truncated by the granite. 
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Figure 4.16. The reorientation of an originally horizontal lineation over an 
intruding .hemispherical body, in plan b), and as plotted on a stereogram c). 
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Figure 4.17. The rise of a hemispherical body of constant radius (r) into a 
fixed initially horizontal surface (A-A) produces a fold of gradually increasing 
wavelength (2d). The radius of the axial plane of the concentric synform (d) 
increases parabolically (thin line). 
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At its present level of exposure the Arran Granite has steeply outward dipping 
or vertical contacts with the Dalradian, implying that the maximum diameter of 
the granite is presently exposed, if it has a spherical shape. Consequently the 
s.~l sl intersection lineation (which had an originally sub-horizontal orientation, 
section 2.1) around the margin of the granite should be generally horizontal and 
tangential to the contact. This is confirmed by figs. 4.18 (a) & 4.18 (b). If more 
of the roof of the granite had been preserved a wider variation in plunge of the 
lineation would have been observed. Hence the data at the present level of expo-
sure are consistent with the vertical ascent of a magma body with a hemispherical 
upper contact against the country rock having been intruded into the Dalradian. 
If the Catacol synform developed by upward and continual folding of the NVV' 
limb of the Aberfoyle synform during the vertical ascent of a hemispherical body 
in the manner described above, the axial plane of the Catacol synform should dip 
away from the granite (Fig. 4.19a), if the radius of folding increases around the 
magma body as it rises. Hence there should be evidence of outward migration of 
the fold hinge. The axial plane of the fold is only known to dip away from the 
granite in the Glen Charmadale area (Fig. 4.4), and there is no good evidence 
that the hinge migrated outwards in the manner suggested. The S3 cleavage is 
not folded in any way and there are very few F3 folds on the inner limb of the 
synform which show vergence away from the granite. 
This discrepancy is probably because' the Dalradian rocks would not have 
shown spatially uniform rheological behavior around the rising granite. Cold 
rocks outside the thermal aureole and above the granite (i.e. close to the surface) 
would fold more slowly and with a longer initial wavelength, because of their high 
viscosity (Ramsay & Huber, 1987). Hence the hinge of the developing concentric 
synform in these rocks may be some distance from the axis of ascent of the magma 
body. However rocks close to the granite, in the softened hornfelsed zone described 
above, would deform rapidly around the rising magma body, before it cut through 
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Figure 4.18. Equal area stereogram showing the measurements of the Ss/ S1 in-
tersection lineation taken around the margin of the northern granite (103 points). 
The data are contoured in Fig. 4.18 b). This emphasises the near horizontal 
orientation of the majority of thesedata. Compare with Fi~. 4.16 c). 
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Figure 4.19. The development of a concentric synform around a rising hemi-
spherical body for, a) rocks of spatially uniform viscosity, and b) of spatially 
non-uniform viscosity. Fig. 4.19 b) shows an outward migrating softened zone in 
which the inner limb of the concentric synform is further deformed by the rising 
granite (cf. Fig. 4.15). 
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them (Fig. 4.19 (b)), because of. their diminished viscosity, due to recrystallisation 
(White, 1977). In this case only the softened zone would migrate outwards. This 
would not involve refolding of the fold limb. Since outward movement of the 
softened zone would encompass a component of radial compression it may have 
been responsible for the development of the 53 cleavage. · 
The structural evolution of the Catacol synform is consistent with such a 
model. The development of the 53 cleavage reflects the changing radius of the 
Northern Granite during its ascent. Compression around the granite would have 
caused the cleavage to develop parallel to its margin (Fig. 4.20). Since the Catacol 
synform would no longer be parallel to the reorientated margin of the granite it 
is cut by the cleavage. Figure 4.13 shows that the cleavage is cut by the granite. 
This indicates that the granite must have continued to change shape following 
the formation of the cleavag~, and after the formation of the Catacol Synform. 
These changes in the shape of the northern granite are recorded by the progressive 
structural development of its aureole during its ascent from the depth at which 
its rise caused the Catacol synform to develop, at the present level of exposure, 
to the level at which it came to rest. 
This section indicates that the structures developed in the aureole of the 
Northern Granite described in sections 4.1 and 4.2 can be ascribed to the verti-
cal ascent of a hemispherical body of magma. The sequential development of a 
concentric synform, an outward migrating zone of thermally softened rock and a 
cleavage transecting the early synform records an increasing radius of deformation 
as would be observed at a ·single level through which a hemispherical body was 
rising. In addition to producing a foliation concentric to its axis of ascent the 
granite has also clearly cut the Dalradian rocks through which it rose. These fea-
tures of the aureole of the Northern Arran Granite are consistent with the ascent 
of a diapiric body (Coward, 1981; Bateman, 1984) (Chapter 1). 
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Figure 4.20. The development of the 53 cleavage and its present geometry with 
respect to the margin of the intrusion reflects the changing shape of the northern 
granite during its ascent and emplacement. The upper figure indicates the initial 
geometry of the Catacol synform which is then cut by the 53 cleavage as the radius 
of the pluton increases during the final stages of ascent (section C-D). Further 
changes in the shape of the granite cause it to cut the cleavage (centre figure). 
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4.4 Structures Adjacent to the Granite. 
The preceeding sections have dicussed the broad structure of the aureole of 
the Northern Arran outer granite and how it relates to the ascent of the intrusion. 
This section describes the structures in the Dalradian rocks immediately adjacent 
to the granite. 
The steeply dipping Dalradian rocks next to the granite have been strongly re-
crystallised to a granular hornfels (chapter 3). The recrystallisation has destroyed 
much of the Caledonian fabric of the rocks. In most cases only the prominent S2 
cleavage is preserved as a segregation of quartz and mafic phases. The S1 cleav-
age and bedding are locally preserved but can rarely be traced from outside the 
hornfels zone to the granite margin. In addition to the hornfelsing the rocks close 
to the granite margin are veined with quartz and occasional undeformed sheets of 
fine grained granite. 
Angular F3 minor folds verging toward the granite are strongly developed 
within the hornfels zone (Plate 4.2). These folds are cut by single and conju-
gate shear planes (Plate 4.3). Displacement of the foliation across these planes is 
consistent with extension parallel to the contact and compression normal to the 
contact. These shears were recorded in all the exposed Dalradian rocks within 
approximately 100 m of the contact. Their density varies from isolated shears or 
conjugate sets to well developed intersecting conjugate sets immediately adjacent 
to the granite. Planes with different orientations showed no consistent cross cut-
ting relationships. The amount of displacement across each shear was difficult 
to determine due to a lack of matching foliation planes which could clearly be 
indentified on either side of the shear planes. In addition the variable intensity 
of development of these shears has made estimates of the strains they represent 
impossible. 
Figures 4.21, 4.22 & 4.23 show contoured plots of shear plane orientations 
taken from Glenshant Hill and Glen Rosa, Creagan nan Caorach and Creag a 
53 
Plate 4.2. Angular folding of the S2 cleavage in hornfelsed psammites at Creagan 
nan Caorach. These folds developed on the inner limb of the Catacol synform 
verge toward the granite contact which lies 10 m to the right of this photograph. 

Plate 4.3. Conjugate shearing of hornfelsed Dalradian rocks adjacent to the 
granite contact at Creag a' Chaise. · In this view movement on a shear plane is 
indicated by the displacement of a pair of folds so that their hinges coincide. 

Figure 4.21. Equal area stereonet of extensiotial shear plane data from Glenshant 
Hill and Glen Rosa. a). Contoured plot of data. b). Orientation of mean shear 
planes (solid lines) taken from a), and the principal stress orientations. Large 
open circle indicates approximate orientation of granite - Dalradian contact. 
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Figure 4.22. Equal area stereonet of extensional shear plane data from Creagan 
nan Caorach and Creag a Chaise. a). Contoured plot of data. b). Orientation of 
mean shear planes (solid lines) taken from a), and the principal stress orientations. 
Large open circle indicates approximate orientation of granite- Dalradian contact. 
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Figure 4.23. Equal area stereonet of extensional shear plane data from Glen 
Catacol and Co rein Lochain. a). Contoured plot of data. b). Orientation of 
mean shear planes (solid lines) taken from a), and the principal stress orientations. 
Large open circle indicates approximate orientation of granite- Dalradian contact. 
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Chaise, and Glen Catacol and Corein Lochain respectively. The orientation of 
the mean shear planes in Figs. 4.21b, 4.22b & 4.23b are taken from the maxima 
defined in the contoured plots. The orientation of the a1 direction was determined 
from the shear sense across the planes measured in the field. The stereograms show 
that a1 is consistently normal to the margin of the granite. The a2 direction is 
taken to lie in the intersection of the shear planes. The stereograms also indicate 
that the plane containing a1 and a2 bisects the acute angle between the shear 
planes in Glenshant Hill and Glen Rosa and the obtuse angles in Glen Catacol 
and at Creagan nan Caorach. This may reflect a variation in the magnitude 
of strain across these fractures since greater extension would be possible across 
planes at an angle of > 45° to a1 than would be possible across planes at an 
angle of < 45° to a1. Hence a greater extensional strain parallel to the contact is 
implied in the Glen Catacol and Creagan nan Caorach areas. 
The flattening plane defined by a2 and a3 is sub-parallel to the contact. A 
lack of data on the the magnitude of the strain across individual shear planes or 
sets of planes prevented determination of the relative length of the axes of the 
strain ellipse. In particular it was not possible to determine the amount of strain 
parallel to a2. Consequently while it appears that the strain was non-plane (k=l), 
but oblate (0 < k < 1), it was not possible to demonstrate this. 
In the Glenshant Hill and Glen Rosa area the shear planes intersect along 
steeply dipping axes. This implies that the maxinium extension must have oc-
curred in a sub-horizontal plane. In Glen Catacol and at Creagan nan Caorach the 
planes intersect at a shallow angle suggesting that maximum extension occurred 
in a sub-vertical direction. 
A further set of data was collected from North Glen Sannox (Figure 4.24) In 
this area bedding and the 82 foliation strike at a steep angle to to the edge of the 
granite in contrast to the areas described above where 8s and 82 are parallel to 
the contact. This has resulted in the development of shears and minor folds with 
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Figure 4.24. Equal area stereonet of extensional shear plane data from North 
Glen Sannox. a). Contoured plot of data. b). Orientation of mean shear planes 
(solid lines) taken from a), and the principal stress orientations. Large open circle 
indicates· approximate orientation of granite - Dalradian contact; closed circles, 
bedding and crosses the plunge ofF3 folds. 
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contractional geometries sub-parallel to the margm of the granite. The shear 
sense across the shear planes indicates that 0'1 is approximately normal to the 
contact. Figure 4.24a shows one dominant set of shear planes parallel to the 
granite contact and a second set with an approximately N-S strike oblique to 
the contact. The two groups of shears intersect on a steeply plunging axis which 
is sub-parallel to the plunge of the minor folds in the area (Fig. 4.24). Again 
the relative magnitudes of the X, Y and Z axes of the strain ellipsoid cannot be 
determined. The vertical intersection of the planes indicates strong extension in 
a horizontal plane sub-parallel to the margin of the granite. 
The shear planes described above are cut by a well developed set of horizontal 
joints which are particularly well developed in the Glen Catacol and Creagan nan 
Caorach· areas. These joints are the last structures to form in the aureole where 
they are restricted to between 50 and 100 m of the contact. Small offsets across 
these joints indicate that they post date the shear planes. The sense of movement 
across the joints indicates a small component of civershear to the north and west 
at the above localities. Where measurable, displacements on these joints were of 
the order of a few mm. At a number of localities the joints have been exploited by 
horizontal sheets of fine granite, which also cut the coarse granite in the vicinity 
of the contact (Plate 4.4). These intrusions are interpreted as evolved aplitic 
intrusions on the basis of their chemistry (chapter 5). The formation of these 
horizontal joints and the emplacement of the aplites along them is compatible 
with the observation that the maximum extension direction within the deforming 
rocks adjacent to the granite in Glen Catacol and at Creagan nan Caorach was 
vertical. It is thought that the joints formed during the cooling of the aureole 
rocks. Contraction of the rock occurred as a result of the release of elastic strains 
induced in the rocks during extension. 
4.5 Interpretation of Flattening Strains. 
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Plate 4.4. Horizontal joints developed in hornfelsed Dalradian adjacent to the 
granite at Creag a' Chaise. Dilation across these joints in a vertical plane is 
indicated by the injection of veins of aplitic granite (white sheet above hammer 
handle). 

Evidence for flattening parallel to the margin of the granite during a late stage 
of the development of the Catacol synform has been discussed in section 4.3. It has 
been assumed that the cleavage (53) developed at this stage represents a minimum 
10% flattening strain (Soper, 1986), formed by pure shear,nonnal to the margin of 
the granite. Flattening would have resulted in an increase in the surface area of the 
contact between the granite and the Dalradian rocks. This could only be achieved 
by an increase in volume of the magma body, or a change in its shape. Hence 
the development of the cleavage and the extensional shears record a transition 
from uplift and foldings, to accommodate the rise of the magma body, to radial 
expansion at its present level. Alternatively it could be argued that the increase 
in surface area of the contact could be the result of the rise of a hemispherical 
body through a single horizon (Fig. 4.17). If this was the case the cleavage 
and the shears would .have been rotated into a steeper angle within the softened 
hornfels zone as the intrusion moved upwards. As noted above (section 4.3) there 
is no evidence for this. Since the flattening planes defined by the cleavage and 
the extensional shears are· sub-parallel to the granite margin both features are 
interpreted as having formed as a result of approximately coaxial deformation. 
Field evidence indicates they represent the final increments in the deformation of 
the aureole by the iutruding magma body. Since the granite cuts the 53 cleavage 
at a number of localities (Fig. 4.13 ), but not the flattening planes defined by the 
extensional shears, it appears the cleavage pre-dates the shears. This implies a 
change in the stress field in the aureole of the granite which is controlled by the 
geometry of the ascending magma body. The maximum compressive stress would 
act normal to its surface. Hence a change in the strain field in the aureole would 
reflect a shape change in the surface of the pluton. Therefore it appears that the 
Northern Arran granite changed shape between the formation of the 53 cleavage 
and the extensional shears. 
Late coaxial deformation of the aureole of the Northern Arran granite 1s 
5G 
recorded by the widespread development of kink bands within the core of the 
Catacol synform (Plate 4.5). Kink bands form during shortening of rocks with a 
strong pre-existing foliation or anisotropy (Donath, 1969; Dewey, 1965 & 1969; 
Anderson, 1974 and Cosgrove, 1976). The geometry of the kink bands depends 
upon the orientation of the a1 direction relative to the foliation (Donath, 1969 
and Figure 4.25). Dewey {1965) showed that kink bands formed when the angle 
between a1 and the foliation was approximately 25°. This relationship was used 
to constrain the orientation of the a1 direction during the formation of kink bands 
which occur within the core of the Catacol synform at Catacol and Lochranza. 
The geometry of conjugate sets of kink bands developed in the outer and inner 
limbs of the synform were measured and mean values were plotted on stereonets 
(Figs. 4.26 & 4.27 and Plate 4.6), from which the orientation of the principal 
stress axes were determined. This indicated that the compressive stress ( a1) re-
sponsible for the formation of the kink bands lies in an approximately horizontal 
plane in both limbs of the fold. The a1 axes are not coincident ( cf. Figs. 4.26 & 
4.27). This is interpreted as the result of compression across a plunging fold axis 
(section 4.2) so that the strike of the 52 foliation was not normal to the axis of 
compression. The flattening plane indicated by the conjugate kink bands would 
have formed perpendicular to the maximum compressive stress resolved normal 
to the pre-existing foliation and hence it may not accurately record the actual a1 
direction. However it remains clear that a1 was directed away from the granite 
contact. 
The kink bands have a different geometry on either side of the fold ax1s. 
Consequently the 52 cleavage must have been at a different angle to a1 on either 
side of the fold axis. Hence the kink bands must post-date the formation of 
Catacol Synform (Fig. 4.28). This can be confirmed from a few exposures at 
Lochranza and Catacol where the kink bands can be seen folding the 53 cleavage 
(Plate 4.5). This suggests the kink bands may be the same age as the extensional 
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Plate 4.5. Well developed kink bands in Dalradian pelites on the North Newton 
shore. These kink bands fold the S3 cleavage which is visible below the tape 
measure. 
( 
Plate 4.6. Conjugate kink bands in Dalradian psammites from North Newton. 
Analysis of the orientation and the geometry of these kink bands was used to 
deduce the geometry of the stress field in the core of the Catacol synform. 

Figure 4.25. Schematic diagram showing the geometry of kink bands. a:, (3 and 
1 are the interlimb angles and S the width of the kink band. The range of possible 
orientations of cr1 to the pre-existing foliation is also shown. 
Fig. 4.25. 
Figure 4.26. Equal area stereonet showing the orientation of the principal 
stresses determined from the conjugate sets of kink bands (solid lines) developed 
in the inner limb of the Catacol Synform at Lochranza. 
Figure 4.27. Equal area stcreonet showing the orientation of the principal 
stresses determined from the conjugate sets of kink bands (solid lines) developed 
in the outer limb of the Catacol Synform at Lochranza. 
Fig. 4.26. 
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Figure 4.28. Upper figure: A schematic cross section normal to the axial plane of 
the Catacol Synform showing the orienta.tion of the 0'"1 direction on either side of 
the fold axis constructed from Figs. 4.26 & 4.27. 0'"1 is approximately horizontal on 
both sides of the fold axis which excludes folding following kink band formation. It 
should be noted that o-1 forms a larger angle with the foliation than that predicted 
(~ 25°) by Dewey (1969). Lower figure shows the geometry of the kink bands in 
the inner and outer limbs of the synform. The sense of vergence is opposite to 
that of the minor ( F3) folds. 
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shears described in section 4.4. This is also indicated by the similar orientation of 
the 0"1 direction indicated by the kink bands and the extensional shears developed 
to the south of Lochranza, at Creagan nan Caorach and Creag a Chaise ( cf Figs. 
4.22 and 4.26 & 4.27). 
The fact that the 0"1 direction indicated by the kink bands in both limbs of 
the Catacol Synform, is horizontal indicates that there has been no further folding 
around the axis of the synform following the development of the kink bands. Hence 
· it appears that the later structures formed in the aureole of the northern granite 
record a change in deformation from simple shear, producing the inner limb of 
the Catacol Synfom during ascent of the granite to coaxial pure shear generating 
flattening strains as a result of in-situ shape changes of the pluton. 
It is important to note that kink bands are not developed to the south of the 
granite in the SE li1i1b of the Aberfoyle Synform. Since the formation of kink 
bands is critically dependent upon the orientation of a pre-existing foliation it 
must be concluded that at the time of kink band formation (i.e. syn-extensional 
shear formation) the S2 foliation was already steepened against the intrusion in 
this area. Therefore the conditions for kink band formation would not have been 
satisfied. This observation also explains why kink bands are not found within 
the steeply dipping softened zone adjacent to the pluton in the Lochranza and 
Catacol areas. It also provides further evidence that the steepened zone formed 
before the development of the extensional shears. 
Estimations of the spacing between individual kink bands in the Lochranza 
and Catacol areas, together with measurements of the width of the kink bands 
(S) and the angle (I) (Fig. 4.25) were used to determine an approximate value 
of 8% for the flattening strains produced by kink band formation. This value 
is considered to be a maximum value for bulk shortening of the aureole by kink 
band formation since it represents shortening normal to the stike of the foliation 
and because the kink bands are not pervasive. A more accurate value could 
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be in the order of 4%. This shortening estimate should be added to the 10% 
value for shortening due to cleavage formation. As noted above no estimate of 
shortening due to extensional shearing was possible. In order to accommodate 
this the estimate of shortening due to kink band formation has been retained at 
8% and homogeneous strain during the late coaxial deformation of the aureole has 
been assumed. 
4.6 Faulting. 
4.6.1 Faults within the Catacol Synform. 
Detailed mapping within the core of the Catacol Synform (Figs. 4.29 & 4.30) 
revealed a number of shallow to steep faults parallel to the strike of bedding and 
the axial plane of the fold (Plate 4. 7). These faults can be traced into a set 
of vertical faults radial to the margin of the granite. The faults clearly cut the 
F3 folds and in places fault breccias developed along the faults contain angular 
clasts of pelite with a well developed crenulation cleavage, which .is identified as 
S3. Hence these faults post-date the development of the Catacol synform. Where 
there is good stratigraphic control (e.g. at North Newton, Fig. 4.29 and North 
Thunderguy, Fig 4.30) the steep faults parallel to the fold axis can be seen to cut 
up section and duplicate the stratigraphy .. Hence they are reverse or thrust faults. 
Where the stratigraphic control was poor shear sense indicators (displacement 
across minor faults, displaced fold cores) confirmed that the faults were consis-
tently of reverse type (Plate 4.8). Growth fibres in quartz veins developed in the 
fault planes indicated that the transport direction was normal to the fold axis. 
Reverse faults occur in both the outer and inner limbs of the Catacol synform 
where they always dip toward the fold axis. The angle of dip shallows toward the 
fold axis. Hence it appears that the reverse faults root in the core of the synforn1. 
Poor vertical exposure meant that it was not possible to trace a fault across the 
core of the synform or to identify the root of one of the reverse faults. 
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Figure 4.29. Detailed sketch map of post S3 faulting within the core of the 
Catacul synform at North Newton. 
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Figure 4.30. Detailed sketch map of post S3 faulting within the core of the 
Catacol synform at North Thunderguy. 
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Plate 4. 7. A westward dipping reverse fault cutting Dalradian pelites at North 
Thunderguy (Fig. 4.30). 
Plate 4.8. A detail of Plate 4.7. This photograph shows the plane of the re-
verse fault and the imbrication of minor folds in the footwall indicating reverse 
displacement. 

If the reverse faults do root in the core of the Catacol synform they may be 
regarded as 'out of synform thrusts' (Fig. 4.31 ). Thrust faults with this geometry 
accommodate compression in the core of a synform by acting as slip planes along 
which material is transported from the core of the fold to its limbs. This results 
in flattening normal to the fold axis and extension in the plane of the fold axis 
(Fig. 4.31) which is compatible with the displacements observed in the core of 
the Catacol synform. The geometry of this strain pattern is indentical to that 
recorded by the extensional shears at the margin of the granite and the kink 
bands within the limbs of the Catacol synform. Using this observation and the 
established relative age of the faults it is inferred that all these structures are 
synchronous and result from the same late flattening of the aureole of the granite. 
Rooting of reverse faults below the synform is difficult to reconcile with the 
field evidence. Given that they post date the Catacol synform and record flatten-
ing parallel to the outer surface of the granite they would have to steepen toward 
the fold axis if they were to root below it, or against the side of the rising granite. 
Reverse faults in both the inner and outer limbs of the Catacol synform can be 
traced into the vertical faults radial to the granite. The vertical faults are known 
to be the same age as the reverse faults on the basis of the criteria defined above. 
Radial dykes cutting the Dalradian rocks may have exploited the radial faults 
while others are cut by the faults or have faults running along their margins or 
centres. This confirms that the faults are of Tertiary age. The age relationship of 
the reverse and vertical faults indicate that they must form a linked fault system 
which appears to have accommodated both the flattening strains resulting frol'n 
compression of the fold core and the circumferential extension which would have 
resulted from flattening of the aureole normal to the surface of the intrusion. 
In accommodating the circumferential extension the vertical faults would have 
permitted the reverse faults to remain normal to the fold axis. Had all the reverse 
faults propagated at the same stratigraphic level the tip lines of the faults would 
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Figure 4.31. A cross section through the Catacol synform showing the inter-
preted geometry of the reverse faults. Displacements on the faults record vertical 
extension and horizontal shortening consistent with compression of the fold core 
normal to the margin of the granite. 
fig. 4.31. 
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have either been convergent (on the inner limb of the synform) or divergent (on 
the outer limb of the synform). This would produce zones of compression or 
tension respectively. These would have been released by the faults stepping up 
or down in the stratigraphy across the vertical faults. Displacements across the 
normal faults are difficult to determine due to a lack of piercing points. Locally 
displacements of dykes and quartz viens indicate both sinistral and dextral strike 
slip movement, and others indicate vertical (normal) displacements. In either 
case measured displacements rarely exceed a few metres. Displacements across 
the reverse faults are of similar magnitude, suggesting that shortening across the 
aureole is limited. However the cumulative effect of reverse faulting over a vertical 
section greater than that exposed may have resulted in considerable shortening 
within the core of the synform (Fig. 4.31). 
The faults contain breccias composed of Dalradian derived from the rocks 
· marginal to the faults partially supported in a hematite stained matrix of finely 
ground Dalradian psanunite and pelite. These breccias were also found in the 
hinges of F3 folds within the psammitic units. They strongly resemble fluidised 
breccias in strongly deformed Silurian psammites and pelites in the Balbriggan 
inlier (E Ireland) described by Murphy (1984) (Plate 4.9). An increase in pore 
fluid pressure (e.g. by increasing the stress on a fluid filled crack) is known to 
reduce the normal stress across the fracture which results in a decrease in the 
resistance to shear failure of the rock (Sibson et al. (1975). Once fracturing 
occurs flow of the pore fluid under high pressure contributes to the deformation 
of the rock producing a fault breccia (Sibson et al. 1975; Murphy, 1984 ). The 
larger clasts within the breccia remain largely undisturbed, but are surrounded 
by fluidised material carried by the escaping pore waters (Murphy, 1984). In this . 
case it appears that water became trapped in the psammitic rocks during the 
formation of the Catacol Synform. As the strain increased across the core of the 
synform, particularly as flattening strains were imposed on the structure, the fluid 
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Plate 4.9. An example of a well developed fluidised breccia from Catacol shore. 
Clasts of semi-pelite are surrounded by a matrix of fluidised, brecciated semi-
pelite. The larger clasts show a well developed preferred orientation and only 
limited displacement of the original bedding. 

pressure rose to the point at which the shear strength of the rocks was exceeded 
and faulting occurred. Had the fluid not been present it is probable that the 
faulting would have occurred at higher strains and that brittle deformation may 
have been supressed, allowing further folding to occur. 
The origin of these fluids is not entirely clear but the red hematite staining of 
some of the breccias point to the overlying Carboniferous or Permian rocks (chap-
ter 2) as a possible source. These successions contain considerable volumes of iron 
cemented porous sandstones and conglomerates. Friend et al. {1970) discussed 
the weathering of the Dalradian rocks below the Caledonian unconformity. Their 
conclusions suggest that hematite bearing solutions may have penetrated the Dal-
radian rocks to some depth along 'neptunian dykes' and fractures. The hematite 
concentrated in the fault breccias was probably filtered out and redeposited during 
flow of the fluids following faulting. 
4.6.2 Faults to the south of the Granite. 
Friend et al. (1963) mapped a group of parallel NW-SE striking dextral strike 
slip faults on the west side of Glen Rosa. These authors proved that the contact 
between the ORS and the Dalradian to the south of the northern granite was a 
steeply southward dipping unconformity rather than a fault (Gunn, 1903; Tyrrell, 
1928). In the Glen Rosa area the ORS rocks directly above the unconformity 
are overturned. ·where the unconformity can be mapped further to the west it is 
always seen to dip steeply southward. The steep dips of the ORS rocks decrease 
toward the south indicating a radius of updoming, around the south of the granite', 
of approximately 5 km (section 4.2). By extrapolating the measured orientation 
of the unconformity where it is exposed Friend et al. (1963) showed that the 
contact is stepped. In order to accommodate this stepping Friend et al. {1963) 
invoked a series of strike slip faults normal to bedding in the ORS (Fig. 4.32). 
Some of these faults can be found in the field, notably in the Garbh Allt (GR 
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Figure 4.32. Geological map showing the location and orientation of strike slip 
faults to the south of the granite (after Friend et al. 1963). 
Fig. 4.32 
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943366) where Dalradian pelites are brecciated by a fault which cuts a Tertiary 
dolerite dyke and offsets the Dalradian rocks to the south on its northern side. A 
thin basalt lava flow, of ORS age, exposed between Monyquil (GR 937354) and 
Dougrie is also offset by faults which have a strike which cuts the ORS/Dalradian 
unconformity. 
Sub-horizontal slickensides noted in a number of localities on the west side of 
Glen Rosa (Friend et al., 1963) indicate strike slip movement on the faults. At one 
locality 011 the south bank of the Garbh Allt (GR 980385) shallowly southward 
plunging slickensides were found on joint surfaces within the granite approximately 
4 m from its contact with the Dalradian. The marginal granite exposed in the 
stream bed is cut by a series of zones of intense jointing along strike from the 
faults which cut the ORS/Dalradian unconformity. These observations indicate 
that strike slip movement must have occurred on the faults after the margins of 
the granite had solidified. 
With the exception of two faults near Dougrie all the faults south of the granite 
show dextral strike slip movement. Since the faults cut steeply dipping ORS and 
Dalradian it appears that the Dalradian rocks in the Glen Rosa area have been 
displaced some distance to the SW after updoming. The sequential development 
of F3 folds followed by extensional shears in the rocks to the south of the granite 
(as noted above) is interpreted as the result of updoming over the rising granite, 
followed by radial flattening of the aureole. The stress field indicated by the geom-
etry of the shear planes is consistent with the stress field indicated by the dextral 
strike slip faults, which are oblique to the margin of the granite. On this basis 
these structures are interpreted as being broadly contemporaneous. However the 
shears and the normal faults record different patterns of strain. The extensional 
shears indicate flattening normal to the margins of the granite (described above). 
The dextral strike slip faults indicate that this flattening was produced during 
expansion of the granite toward the SE, which is accommodated by movement on 
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the Goat Fell fault which forms the eastern margin of the granite. 
4.6.3. Faulting on the eastern side of the Granite. 
It has already been established from the truncation of the thermal aureole 
that the eastern margin of the northern granite is bounded by a fault which was 
active during em placement (chapter 3). This fault (the Goat Fell Fault) is sub 
parallel to a NNW -SSE striking set of normal faults which form part of the Laggan 
fault system (Fig. 4.33). As noted in chapter 2 seismic data from the Firth of 
Clyde (McLean & Deegan, 1978) indicate the Laggan-Brodick Bay fault system 
was active during the Carboniferous and Permian. It is not clear whether the 
Goat Fell Fault was active during this period of time. It may be linked to a 
N-S trending fault which runs southward to Brodick Bay. There is no evidence 
that it continues for any significant distance north of the Allt a' Chapuill or Glen 
Sannox. It clearly does not cut the Dalradian on the north side of Lochranza as 
suggested by Bailey (1926). There is no evidence exposed at the surface of any 
offset in the Dalradian stratigraphy or the axial plane ·of the Catacol Synform in 
the area. Hence the fault appears to be isolated from the main part of the Laggan 
Fault system. It is possible that it pre-existed the granite as a footwall collapse 
structure to the Laggan Fault (Fig. 4.34). :• 
These faults and particularly their expression in the Permian sandstones have 
been the subject of a recent study by Underhill & Woodcock (1987) and Woodcock 
& Underhill (1987). These authors showed that numerous slip hardening faults 
developed in the high porosity Permian aeolian sandstones (Plate 4.10) by upward 
diffusion of syn-intrusion displacements on the pre-existing faults of the Laggan 
Fault system (Underhill & ·woodcock, 1987). They showed that the density of 
the faults decreased with increasing distance from the northern granite and hence 
related their formation to deformation during intrusion of the pluton. \.Yood-
cock & Underhill (1987) subdivided the slip hardening faults into three distinct 
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Figure 4.33. Geological map showing the geometry of the Laggan fault system 
between North Glen Sannox and Corrie, east of the granite. (Contours at 50 m 
intervals.) 
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to the intrusion of the granite. 
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Plate 4.10. Slip hardening faults developed in the Permian sandstone at Corrie. 
This photograph shows a well developed conjugate set of these anastomosing faults 
or granulation seams. 

systems on the basis of the orientation of conjugate faults of similar geometries. 
Two of these fault systems, system N (faults with a NW-SE strike intersecting 
to form conjugate sets with vertical or NW-SE striking intersections) and system 
E (faults with an E-W strike intersecting to form conjugate sets with vertical or 
sub-horizontal E-W striking intersection lineations) were shown to define strains 
which indicate a coni;plex ·stress field existed during their formation. Vvoodcock 
& Underhill (1987) attributed this to modification of the stress field around the 
granite by the complex pre-intrusion structure of the area. A third system of 
faults, system L (conjugate faults with shallow dips and which intersect to give 
sub-horizontal intersections radial to the Northern Granite) were developed some 
distance from known pre-existing faults. The strain represented by this fault sys-
tem was considered to have resulted from a stress field relatively unmodified by 
any pre-existing basement structures and hence give a more accurate representa-
tion of the stress field around the granite during its emplacement. 
The strain axes deduced from the three systems, and in particular the system 
L faults, indicate a vertical z axis (sub-horizontal stretching) and a horizontal x 
axis radial to the granite, within a radius of approximately 15 km of the centre 
of the intrusion and a vertical y axis outside this radius (Fig. 4.35 ). This pattern 
records doming over the granite over a wider area than is detectable from the dip 
of bedding (section 4.2). 
This updoming appears to have preceeded dip slip faulting on the Laggan· 
Fault system. RadiaL extension over the granite of the Permian rocks recorded 
by the slip hardening fault systems could only have continued while the Permian 
formed a continuous layer over the granite. Once this layer became discontinuous 
(i.e. as a result of being cut by faulting) then new slip hardening faults would 
only form as a result of the dissipation of local stresses. Woodcock & Underhill 
(1987) suggest this process is indicated by the development of strong system N 
faults in the Permian rocks along strike from the Laggan fault system west of 
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Figure 4.35. The strain pattern around the northern granite deduced from the 
geometry of slip hardening fault systems (after 'Woodcock & Underhill, 1987). 
The figure indicates updoming and associated radial stretching of the roof of the 
granite occurred within a 1.5 km radius of the centre of the intrusion. 
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Corrie, and a strong set of system E faults east of the Glen Rosa strike slip 
faults in response to movement on the sub-Permian faults caused by the ascent 
of the granite. The strain pattern indicated by these faults is not consistent with 
displacements on the sub-Permian faults, indicating the continued influence of the 
stress field associated with the granite (Woodcock & Underhill, 1987). The overall 
strain pattern indicated by the Laggan Fault system is of normal faulting with a 
downthrow away from the granite. A feature consistent with the forceful ascent 
of an intrusive body. 
Where the position of the Brodick Bay Fault can be determined offshore it 
has an approximately straight NW-SE strike. This differs from the Laggan Fault 
system which shows a curvature parallel to the strike of the granite (Fig 4.33). 
This curvature of the fault system appears to be restricted to the area immediately 
adjacent to the granite, which suggests that it is related to the intrusion. A certain 
amount of updoming is associated with the normal faulting and outward bending 
of the fault system. Woodcock & Underhill (1987) showed that the North Sannox 
anticline (Gunn, 1903; Tyrrell, 1928; Friend et al., 1963) has a conical geometry, 
with the axis of the cone plunging away from the granite. A number of radial faults 
were also mapped in this area (Fig. 4.33). These appear to have developed to 
accommodate stretching parallel to the margin of the granite which resulted from 
the outward bending of the rocks. This may have resulted in the reactivation 
of the Highland Boundary Fault, .which has a present orientation radial to the 
granite in the North Sannox area (chapter 2) (Fig. 4.33). 
It is clear that the SW limb of the Aberfoyle synform does not form a contin-
uous arc to the south of the granite. The boundary between the Dalradian and 
ORS rocks and the projected strike of bedding within the Dalradian is clearly 
truncated and displaced sinistrally across the Goat Fell Fault. At AUt a' Chapuill 
the fault runs between the ORS and a thin sliver of Dalradian. The contact be-
tween this Dalradian and the granite is very irregular, being extensively veined 
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by sheets of chilled granite, but shows no evidence of significant faulting. At this 
locality and at a similar contact exposed in the Uisge nam Fear the granite has 
locally developed a foliation. Thin sections of the foliated rocks indicate they 
are foliated cataclasites (Chester et al., 1985) (Plate 4.11). This records brittle 
deformation of solid granite at low temperatures or high strain rates. 
There is no strong evidence for the sense of movement along the Goat Fell 
Fault. Shear sense from the foliated cataclasites indicate dip slip movement. The 
fault breccias in Corrie burn and between the ORS and Dalradian in Allt a' 
Chapuill and the Uisge nam Fear give no indication of shear sense. Truncation of 
the thermal aureole is most easily explained by dominantly normal faulting. This 
would also account for the presence of the hornblende-hornfels facies Dalradian 
rocks at Allt a Chapuill which are juxtaposed against epidote-albite facies ORS 
by faulting (Fig. 4.36). A major component of strike slip movement is recorded on 
the continuation of the fault to the south where Carboniferous strata are upturned 
through 40° and displaced 2 km sinistrally along the fault. 
While this displacement can be accounted for by the intrusion of the granite 
it is not clear whether all the dislpacement is of Tertiary age or if some of it 
is Permo-Carboniferous. The seismic data from the Firth of Clyde (McLean & 
Deegan, 1978) suggests that the fault system was active during the Permian, 
which implies that the Carboniferous rocks may have been displaced by normal 
faulting in the same direction as would result from the ascent of the granite. 
The slip hardening faults record the upward dissipation of Tertiary movements, 
on the Laggan fault system which cut into the Permian. The development of 
the slip hardening faults indicates that the Permian was not cut by major faults 
before the Tertiary (Underhill & Woodcock, 1987) (Fig. 4.34). However Astin 
& MacDonald ( 1983) have described evidence for syn-depositional faulting from 
the Permian of Arran. Hence the best indicator of Tertiary fault displacements 
is the top of the Permian but this is not exposed in the vicinity of the granite. 
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Plate 4.11. Crushing during movement along the Goat Fell fault resulted in 
deformation of the margin of the coarse granite. Fracturing of grains and grain 
reduction has produced a catacla.stic rock. Bands of fine grained brecciated rock 
separating less deformed regions have produced a foliation. The granular texture 
of the matrix is the result of post defoarmation annealing~ indicating that the 
intrusion was still warm at the time of deformation. Crushed marginal fine grained 
facies of coarse granite, No. AR 5202, Uisge nam Fear, GR 011413. 'Width of field 
= 3.5 nun, crossed polars. 

Figure 4.36. Schematic diagram showing the postulated syn~intrusion displace-
ment on the Goat Fell Fault which resulted in truncation of the thermal aureole 
and uplift of Dalradian rocks at Alit a' Chapuill. 
W. 
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Fig. 4.36. 
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Consequently the base of the Permian is used as an indicator of displacements 
and Permian syn-sedimentary faulting is neglected as there is no evidence for it in 
the sections discussed below. It is apparent from the map that both normal and 
sinistral strike slip displacements on the faults to the west of Corrie village could 
produce the observed outcrop pattern. Mapping of these faults and the changes 
in dip on either side of them confirmed that the Carboniferous sequence thins 
toward the south (Gunn, 1903; Tyrrell, 1928; Chapter 2). 
Outcrop width in the direction of dip remains approximately constant between 
the faults. Hence the displacement on the faults was restored by projecting the 
dip orientations along the fault planes and matching outcrop widths within the 
Carboniferous (Fig. 4.37). On one fault restoration was initially attempted by 
constructing the displacement from a piercing point formed by the intersection of 
a middle to upper ORS dyke (outcropping to the south of Sannox Burn) with the 
top of the lower ORS. Restoring the apparent movement of this point does not 
restore the base of the Permian across the fault. This may be due to Permian 
syn-sedimentary faulting. However a solution can be obtained by restoring the 
base of the Permian as described above by projecting the dips of the Carbonifer-
ous. The remaining offset on the dyke was then equal to the displacement of"the 
top of the lower ORS. This indicates movement on the fault of upper ORS age, 
which is consistent with a change in thickness of the Upper ORS across the fault. 
Hence there is evidence that the Laggan fault was active before the Carboni(-
erous. The net Tertiary displacements indicated by the restoration of the base 
of the Permian (Fig. 4.37) indicate oblique slip (containing normal and sinistral 
strike slip components) on the faults. Since it was not possible to determine the 
actual movement on all the faults it is not possible to give absolute displacements 
across the fault system. 
The history of faulting on the eastern side of the Northern Arran Granite 
indicates that it intersected a set of NW-SE trending faults of Carboniferous age 
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Figure 4.37. Cross sections (1:10,000 scale) along the fault planes to the west of 
Corrie showing the thinning of the Carboniferous sequence to the south. The sec-
tions were restored to the base of the Permian by matching the width of outcrops 
of the Carboniferous strata (see overlay for displacement on faults, ·indicated by 
red lines. Section B-B' indicates Upper ORS fault movement. 
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during its ascent. Subsequent movements on this fault system strongly influenced 
the emplacement of the granite on its eastern side. This is in contrast to the 
north, west and south margins of the intrusion where the structure of the aureole 
is dominated by the intrusion of the pluton rather than by the existing structure. 
Early normal displacements on the Laggan Fault system, following stretching 
of the cover is indicated by the geometry of slip hardening faults developed in 
·the Permian (Woodcock & Underhill, 1987). Syn-intrusion vertical movelilent is 
recorded on the Goat Fell Fault by the truncation of the thermal aureole (chapter 
3 & Fig. 4.36). The vertical movement on this fault along the granite-ORS contact 
appears to have been translated into sinistral strike slip in the country rocks where 
the fault continues to the south of the granite. This would have accommodated 
the increased radius of the granite body during its ascent. Some radial expansion 
and concentric extension of the granite is indicated by the outward bending of the 
Laggan Fault system, updoming in the Sannox and North Sannox area to produce 
the conical North Sannox antiform, and strike slip movement on the faults to the 
west of Corrie. 
4. 7 Interpretation of the Syn-emplacement Faulting: A Summary. 
Withi1~ the Dalradian rocks a system of linked normal and reverse faults in 
the core of the Catacol synform, and a set of dextral strike slip faults to the south 
of the granite indicate horizontal radially directed stresses acted on the aureole. 
Such a stress field is also recorded by conjugate extensional shears developed along 
the margin of the granite and kink bands in the limbs of the Catacol synfo.rm. 
Formation of these structures is the last deformation ·event recorded by the aureole 
rocks. Contemporaneous faults, shears and kink bands clearly cut the minor 
folds associated with the early·updoming around the granite (section 4.3). Hence 
they represent the last increment in the strain history of the aureole. All these 
structures define flattening strains (k ~ 0) parallel to the margin of the granite. 
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The shortening of the aureole indicated by these strains is therefore a direct record 
of radial expa11sion of the granite during the final stages of its emplacement. 
The dextral strike slip faults within the Dalradian and ORS rocks to the south 
. of the granite indicate increasing southward displacement toward the Goat Fell 
fault along this section of the contact. Sinistral strike slip movement on the Goat 
Fell Fault appears to have accommodated this deformation of the contact. The 
SE directed expansion of the pluton in this area appears to have been permitted 
by movements on these faults. 
· Movements of Tertiary age on the pre-existing Laggan Fault system on the 
east side of the granite record a strain history of early updoming followed by nor-
, 
mal faulting with a component of s~ke slip in respose to ~cent and outward ex-
pansion of the granite. This sequence is broadly compatible with the deformation 
sequence recorded in· the Dalradian rocks. However it is apparent that reactiva-
tion of the Laggan Fault system clearly influenced the deformation history in this 
area by localising displacements necessary to accommodate the intruding pluton. 
The Goat Fell Fault appears to have acted as a lateral wall to the granite, 
which prevented strong radial expansion of the pluton along its eastern margin. 
There is no evidence for radially directed stresses (as are recorded in the Dalradian 
rocks), along this section of the contact. These appear to have been dissipated by 
expansion of the granite parallel to the fault plane, either by uplift of the roof or 
by strike slip movement along its southerly extension into the country rock, as is 
indicated by field evidence. 
4.8. The Structural Evolution of the Aureole of the Northern Arran 
Granite. 
The aureole of the Northern Arran Granite shows contrasting styles of defdr-
mation. To the north, \Vest and south of the granite the early deformation history 
is dominated by ductile mechanisms of folding and cleavage development, which 
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accommodated updoming of the Dalradian above a rising hemispherical magma 
body. Later deformation is dominated by synchronous semi-brittle (adjacent to 
the granite) to brittle mechanisms of extensional shearing and faulting, which 
record radial flattening of the aureole. To the east of the granite, aureole defor-
mation is dominated by faulting throughout emplacement. This contrast in style 
of deformation reflects the complex structure of North Arran prior to the intru-
sion of the granite (chapter 2). It should be emphasised that the contrast does 
not reflect a different style of emplacement on the eastern margin of the intrusion. 
The aureole of the Northern Granite records the interaction between a rising body 
of magma and complex upper crustal structures. 
Overprinting of strain patterns within the aureole record a continuous se-
quence of deformation. These strains reflect progressive intrusion of the granite 
and changes in the geometry of the pluton in response to inhomogeneous aureole 
deformation. The evolution of the aureole indicates that its geometry following 
early phases of deformation subsequently influenced later patterns of strain devel-
opment. 
The transition from ductile to brittle deformation can be explained in terms 
of progressive deformation of a cooling thermal aureole. As the granite rose it 
would have gradually lost heat to the country rocks by conduction or convection. 
This would result in a gradually diminishing heat content within the magma and 
a tendency toward equal temperatures in the granite and its wall rocks. Secoi1dly 
ascent of the granite would have resulted in displacement of the aureole rocks 
toward the surface causing them to cool (assuming the associated uplift at the 
surface resulted in erosion). Once brittle deformation occurred fluid pathways 
would develop which could further enhance heat transfer from the aureole. This 
latter process may have dominated on the eastern side of the granite where the 
thermal aureole is truncated by the Goat Fell Fault. 
The early structural development of the aureole of the granite discussed in 
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section 4.3 clearly indicates the ascent of a bouyancy driven piercement structure 
or diapir. An alternative interpretation would be that the intrusion was a laccol-
ith. The structure of the aureole of the Northern Arran Granite is similar to the 
structure of the aureoles of laccolithic bodies. In particular the concentric folding 
and overburden failure due to faulting (Gilbert, 1877; Johnson & Pollard, 1973; 
Pollard & Johnson, 1973; Dixon & Simpson, 1987; Jackson & Pollard, 1988). How-
ever the aureole of the Northern Arran Granite records strong flattening strains 
along the margin of the intrusion. Also the pre-existing structure of North Arran 
does not provide a suitable floor structure upon which the laccolith would have 
initiated as a sill. These features were used by Jackson & Pollard (1988) to make 
distinctions between laccoliths and stocks. 
The flattening strains developed in the aureole record a late phase of radial 
shortening in response to an increase in the radius of the magma body at its 
present exposure level. This feature of aureole deformation has been attributed 
to inflation or ballooning of the intrusive body (Holder, 1979; Bateman, 1985). 
In its strictest sense ballooning implies expansion of the pluton by an increase in 
the volume of magma. This point will be examined in chapter 5. The flattening 
strains within the aureole of the Arran granite may subsequently be found to 
reflect ballooning sensu-stricto or they may represent a change in the shape of the 
pluton, with no change in volume, during the latter stages of its emplacement. A 
distinction between these processes cannot be made on the basis of the aureole 
deformation alone. 
A restoration of the aureole of the Northern Granite using the strain estimates 
discussed in section 4.5 was performed as an aid to modelling the intrusion of the 
pluton. In addition to the estimates for late coaxial shortening (8%) and formation 
of the S3 cleavage ( 10% shortening) measurements of the F3 fold geometries gave 
an estimate of 25% shortening (Folded length / Original length) normal to the 
limbs of the Catacol synform. A further 32% shortening was indicated by a 
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companson of the width of the inner limb of the synform to its actual length 
measured from sheet dip (Fig. 4.11 ). The latter is a minimum value since it 
ignores any shortening in the outer limb. These strains are summarized in table 
4.1:-
Table 4.1. 
Strnctnre Estimation of Shortening 
Catacol Synform 321}{, 
Minor Folds 25 1.){, 
Tot.al Shortening due to folding 51% 
s3 cleavage 10% 
Flatt1~ning Strains (e.g. Kink Bands) 8% 
Tot.al Shortening due to radial expansion 17%, 
Total slwrteuiug 62% 
These calculations, although representing very general estimates, are though't 
to be a reasonable approximation to the strains imposed during the early folding 
and later flattening. It is apparent from the table that the bulk of the aureole 
strain necessary to accommodate the emplacement of the Northern Arran Granite 
occurred during the early folding phase, while the magma was still rising. 
In restoring the aureole these strain increments were successively removed in 
reverse order to the list in Table 4.1. (Fig. 4.38). Restoration of the strike slip 
faults to the south of the granite clearly indicates that the last increment of aureole 
strain involved expansion of the granite toward the SE, producing the notable 
bulge in the margin of what is an otherwise almost circular intrusion. This caused 
clockwise rotation of the SW limb of the Aberfoyle synform as it was displaced 
sinistrally along the Goat Fell Fault. The fact that the restored Dalradian is 
no longer in contact with the Goat Fell Fault is thought to reflect synchronou's 
clockwise rotation within the Dalradian rocks to the west of the granite, . and 
outward bending of the Laggan Fault system in response to an increase in Lhe 
circumference of the magma body. The restoration of this has not been attempted 
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Figure 4.38. A sequential restoration of the aureole of the Northern Arran 
Granite. Progressive increments of deformation have been removed assumming 
homogeneous pure shear in the order 1 - 2- 3. Strain increments removed at each 
stage are taken from Table 4.1. Inset shows the idealised plan of a planar surface 
intersecting a spherical body, cf. stage 3 of the restoration of the NW limb of the 
Aberfoyle synform. The inset shows the geometry of a planar surface intersecting 
a shere in cross section and plan view. 
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due to a lack of knowledge of the strains involved. 
Restoration of the strains due to the late coaxial deformation around the west 
and north sides of the granite indicate the radius of the granite must have increased 
during this phase of deformation. Removal of these increments indicates that the 
53 cleavage originally had an elliptical geometry, with the major axis lying in 
a WSW-ENE orientation. The cleavage has been interpreted as forming during 
flattening parallel to the granite contact during the final stages of folding. Since 
the granite now cuts the cleavage, particularly along its SE margin it appears 
that the pluton changed shape during the later stages of emplacement rather 
than expanding uniformly. 
Since the 53 cleavage cross cuts the axial plane of the Catacol synform it is also 
clear that the granite also changed shape during the later stages of folding. The 
apparent shear across the synfoni1, indicated by the cross cutting geometry of the 
cleavage, is interpreted as the result of a change in the geometry of the stress field 
(rotation of o-1 relative to the fold axis) as the pluton changed shape, by deforming 
the inner limb of the synform, rather than actual simple shear deformation of the 
aureole. ., 
Removal of the 10% strain estimated for formation of the crenulation cleavage 
indicates that the granite occupied a roughly circular space at this stage, confirm-
ing the interpretation that the granite was initially circular in plan, and probably 
hemispherical. The initial increment in the deformation sequence is considered to 
be the formation of the Catacol synform. There is no evidence of earlier intru-
sion related deformation. The synform was unfolded to restore the NW limb of 
the Aberfoyle synform to its original geometry (determined from the undeformed 
outer limb). The effect of limb parallel shortening during F3 fold development was 
also removed at this stage. After the fold had beei1 restored to its original SW 
dipping orientation the depth to the present cutoff of the limb against the granite 
was determined at a number of points along the lower edge of the restored limb. 
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This indicated that the restored edge of the NW limb of the Aberfoyle synform is 
elliptical in plan and broadly circular in the plane of the limb. Such a geometry 
would be expected for the intersection of an inclined planar surface with a sphere 
(Fig. 4.38). The SE limb of the Aberfoyle synform was restored to its original 
orientation by back rotating it by 10° (from 80° to 70°). The unfolded portion of 
this limb exposed to the NE of the granite dips at 70°. 
The field evidence indicates that the folding is entirely clue to the ascent of 
the pluton. The folding is then overprinted by flattening strains caused by radial 
expansion of the pluton. An estimate of the original diameter of the pluton as it 
came to rest can be determined from figure 4.38 (asumming it was spherical), by 
measuring the cliamet.e.r of the pluton after removing the strain produced during 
the development of the S3 cleavage. This indicates the original radius of the 
pluton (during ascent) was 6 km, compared with a final radius of approximately 
6.5 km. 
Hence the radius of the granite increased by 8.3% of its original radius during 
emplacement. This is in strong contrast to the Ardara pluton which Holder (1979) 
showed to have created at least 72% of its volume by radial expansion. This 
corresponds to a 52% increase in the radius of the pluton with respect to its 
original radius during emplacement. Bateman (1985) suggested that the Cannibal 
Creek pluton (Queensland, Australia) created approximately 70% of its volume 
by in-situ expansion following ascent of the magma through a dyke (Chapter 1 ). 
The reason for this apparent discrepancy in the figures for radial extension of 
the Arran granite when compared with other plutons·which record radial flattening 
of their wall rocks will be discussed further after the chemical evolution of the 
granite has been considered. 
Following restoration a large volume of Dalradian rock remains unaccounted 
for. Much of this space. could be closed by backrotating the SE limb of the Aber-
foyle synform to its original position. Further space could be closed by straight-
. 
! ~ 
ening the Laggan Fault system. The remaining volume of the Dalradian rocks, 
which must have formed part of the NW limb and the core of the Aberfoyle syn-
form must be assumed to have formed the now eroded roof of the granite, where 
it would have been displaced during the early stages of ascent of the pluton. 
The restoration of the aureole indicates that the granite ascended through 
the NW limb of the,' Aberfoyle synform and bisected the axial plane of the fold. 
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The present strike <;>f the fold axial trace indicates that the axial plane was folded 
around a steeply SE plunging fold axis. The structural relationship between the 
granite and the Aberfoyle synform demonstrates that the granite could not have 
risen up the Highland Boundary Fault (HBF) as suggested by Richey {1939). 
Since the granite rose vertically through the NW limb of the Aberfoyle synform it 
must clearly have risen to the north of the fault. The southeastward deflection of 
the Aberfoyle synform can be used to invoke a similar displacement of the HBF, 
i>artly by folding and partly by strike slip movement along the Goat Fell Fault, 
as suggested in chapter 2. 
Restoration of the aureole of the Northern Arran Granite indicates that the 
deformation sequence deduced from the structure of the aureole is viable. Early 
updoming due to diapiric ascent of a broadly spherical or hemispherical body of 
magma resulted in the formation of the Catacol synform, updoming across the 
Laggan Fault system and folding of theSE limb of the Aberfoyle synform around a 
steeply SE plunging axis. Flattening strains are interpreted as recording an initial 
increase in the radius of deformation during continued ascent of the magma body 
which is overprinted by coaxial flattening in a plane parallel to the margin of the 
intrusion. These strains suggest either ballooning or a change in shape of the 
pluton which involve in-situ radial and concentric extension of the magma body. 
These strains are expressed as extensional shears at the contact with the grar'lite 
and the development of a linked thrust and normal fault system in the contracting 
core of the Catacol synform. The final strain increment involved extension of the 
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pluton in a SE direction. This was accommodated by strike slip movement on the 
Goat Fell Fault a.pd a. set of faults developed to the south of the granite. 
This model describes an idealised sequence of events in the deformation of the 
aureole of the Northern Arran Granite. From this model it is inferred that the 
' 
granite rose as a diapir which subsequently ballooned at a high level in the crust. 
This is basec..l upon interpretation of the aureole structures alone and treats the 
granite largely as a passive body subject to changes in shape permitted by the 
deformation of the aureole during intrusion. The ballooning process invoked to 
drive these shape changes during the final stages of emplacement is also dependant 
upon the evolution of the intruding magma body. In order to obtain a fuller 
understanding of the ascent and emplacement mechanism of any intrusion it is 
necessary to make a study of the intrusive body. 
77 
CHAPTER 5 
THE PETROLOGY OF THE NORTHERN ARRAN COARSE GRANITE 
The origin of nr,e acid rocks of the British Tertiary Volcanic Province has 
largely been resolved in recent years, following a increase in the availability of 
comprehensive isotope and trace element data for the wide variety of acid and 
basic magmas and crustal rocks in the province (Dickin et al., 1984 ). The primary 
aim of the geochemical work described in this chapter was not to investigate the 
origin of the acid magma which formed the northern granite, which was covered 
by Dickin et al. (1981 ), but to use major and trace element data to deduce the 
chemical evolution. of the magma during its ascent and emplacement and how 
changes in chemistry might reflect this process. This has been achieved using a 
cmi1bination of petrographic and chemical data. 
5.1 General Features of the Coarse Granite. 
As previously noted the Northern Arran Granite has a roughly circular out-
crop with a diameter of approximately 13 km. The intrusion covers an area of 
approximately 140 km2. About one third of the area is of a younger fine grained 
granite intruded in~o the coarse (Chapter 7). This chapter will concentrate ou 
the coarse granite which fornis the bulk of the intrusion. It has sharp outward 
dipping contacts against Dalradiau rocks to the north, west and south and against 
ORS to the east (Chapter 4). Interpreted gravity data for North Arran (Tuson, 
1959; McLean & Deegan, 1978) suggests that the granite is underlain by a mass 
of basic magma at about 1.3 km below the present surface. The presence of this 
basic mass is indicated by the occurrence of basic dykes which cut both the coarse 
and fine components of the northern granite . .Tuson {1959) suggested that the 
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granite could be modelled as an upright cylinder with a height of approximately 
2.5 km on the basis of a data set which was limited by problems of gravity mea-
surement in the mountainous terrain of North Arran. These data suggest the 
granite has a very low aspect ratio (height : width). However it should be recog- · 
nised that the basic mass probably post dates the granite and may have intruded 
its lower levels. Hence the northern granite may have been considerably thicker 
prior to the intrusion of the basic mass. This was not accounted for in the gravity 
interpretation. 
Considering the size of the granite its tliermal aureole is comparatively narrow. 
Thermal alteration of the country rocks can only be detected within 500 111 of the 
contact. This suggests a high rate of heat conduction away from the margins of 
the granite. It cannot be explained by a low temperature gradient between the 
granite and its wall rocks because the granite was emplaced at a shallow level 
(~3 km depth), which constrains the wall rock temperature to less than l00°C 
(Chapter 2). 
Ages for the granite of 60.3 ± 1.6 Ma. and 58.8 ± 1.2 Ma. have been obtained 
by Dickin et al. (1981) using the 87Rb- 87Sr method and by Evans et al. (1973) 
· using the 40 Ar - 39 Ar step heating method respectively. Field evidence indicates 
that intrusion of the granite was one of the earliest phases of igneous activity 
in Arran. Some basic dykes are thought to pre-date the granite on the basis of 
palaeomagnetic evidence (Dagley et al., 1978) although no dyk~have been noted 
which are clearly cut by the northern granite. These early dykes may have fed 
lava flows, fragments of which occur as remanee masses in the central complex 
(Chapter 2). The northern granite is thought to pre-date the central complex 
because the latter cuts updomed ORS to the south of the granite (Tyrrell, 1928; 
King, 1955). 
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5.2 Petrography of the Coarse Granite 
In general the coarse granite is a mineralogically homogeneous body. Field 
mapping and hand specimen studies indicate the rock is dominantly composed of 
quartz and feldspar megacrysts in a groundmass of finer grained quartz, feldspar 
and biotite. Initial mapping and petrographic work revealed little variation in 
mineralogy and texture. Typically the granite has a whitish appearance due to 
weathering and sericitisation of alkali and plagioclase feldspar. When fresh the 
rock has a deep turquoise blue colour which fades rapidly to a greyish green. Much 
of the rock collected for petrographic study and geochemical analysis showed s<Hlt.e 
effects of weathering and was typically white (see appendix). 
Detailed mapping and petrographic studies of the granite indicated that the 
body showed some variation in texture .. Along its margins it shows evidence of 
chilling against the country rocks. Where it is observed in contact with the Dal-
radian or ORS the magma has cooled rapidly to form a quartz feldspar porphyry. 
The rock coarsens away from the contact over a distance of about 5 m where it at-
tains an appearance corresponding to that of the bulk of the coarse granite. This 
coarsening occurs by an increase in grain size of the groundmass which results 
in the phenocrysts becoming less distinct. This indicates the marginal rocks are 
quenched from a phenocryst bearing magma. This observation also confirms that 
the granite is younger than the surrounding Dalradian and ORS rocks and that it 
was intruded into the country rocks while they were at a lower temperature than 
the magma. The narrow width of the· chilled margin suggests a relatively steep 
temperature gradient existed between the magma and the country rock. 
Numerous fine grained or porphyritic sheets were noted within the coarse 
granite. In many cases these could not be traced for a significant distance due 
to poor exposure. However in the Garbh Allt (GR 969387), in North Sannox 
between GR 984468 and GR 976464 and in the Abhainn Tunna (GR 973476 to 
966472) a number of fine grained sheets with sharp contacts against the coarse 
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granite toward the margm of the granite and gradational contacts into coarse 
granite toward the centre of the intrusion were mapped (Fig 5.1). The internal 
contact in the Garbh Allt can be traced in a. NE direction toward Cnoc Brea.c 
for approximately 500 m before it becomes indistinct, passing into coarse granite. 
Six sheets of this type were mapped in North Sa.nnox burn. Exposure is not good 
·enough to permit correlation of any of these sheets with a further two sheets 
mapped in the Abhain Tunna. Mapping of the sheets suggests they are laterally 
discontinuous since they cannot be followed with certainty for distances in excess 
of 500 m. Other notable sheets were mapped in the south face of Cir Mhor and 
in Fionn Caire immediately south of this peak, and also in the carrie to the west 
of A'Chir. The origin of these sheets will be discussed in section 5.5. 
The coarse granite is cut by numerous aplites, some of which transgress its 
margins to intrude the Dalradian. These vary in thickness from approximately 
5 to 50cm. Their contacts vary from sharp, on a. single crystal scale, to diffuse 
involving disaggregation of the fabric of the coarse granite. They are generally 
planar but many are highly irregular. Typically the planar sheets have sharp 
contacts and the irregular sheets diffuse. They show a variation in texture from 
strongly porphyritic to fine grained granular. These features, and their origins, 
will be described further in section 5.5. Petrographically they are dominantly 
composed of quartz and feldspar, mostly orthoclase but some albite is present, 
and minor amounts of biotite. Accessory phases are rare. The crystals form a 
hypidiomorphic granular fabric. When phenocrysts are present they are euhedral 
to subhedral crystals of quartz and orthoclase up to 1 em across. Some aplites are 
emiched in biotite, (clue to a high water content in the residual melt), euhedral 
flakes (up to 2 1mn across) of which are commonly aligned parallel to the margins 
of the sheet against the coarse granite suggesting flow alignment or compression 
normal to the sheet. Petrographic evidence, of partial enclosure of biotite flakes by 
granular quartz and orthoclase, suggests the orientation is due to flow alignment. 
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Figure 5.1. Map showing the distribution of some of the more significant sheets 
of fine grained rock within the coarse granite in the Abhainn Tunna, North Glen 
Sannox and Garbh Alit areas. The cross section shows the general form of the 
sheets and their relationship to the coarse granite. 
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Some of the porphyritic aplites show crystal rich cores and crystal poor margins 
indicative of flow differentiation. Occasionally examples of multiple injection along 
the same vein were i~dentified by recognition of internal chilled contacts and 
multiple flow differentiated units. The geometry of the planar sheets does not 
indicate auy relatiouship to t.he present joint set in the granite which is generally 
the result of unloading of the overburden (i.e. joints are typically parallel or 
normal to the present surface). Angular junctions between some aplites suggests 
that they may have exploited early cooling joints within the crystallising magma. 
Orientation data for 29 planar aplites, measured in Glen Catacol, Glen Easan and 
the Abhainn Tunna show no clearly indentifiable orientation relative to the margin 
of the granite (Fig. 5.2). This suggests the aplites exploited features controlled 
by local stress patterns (thermal or tectonic) rather than a uniform stress field. 
The origin of the aplites will be discussed in section 5.5. 
Detailed mapping and petrographic study of hand specimens revealed differ-
ences in the· texture of the coarse granite. Excluding the rocks associateq with the 
fine grained sheets described above the coarse granite can be divided into three 
textural types on the basis of hand specimen characteristics. These variations are 
distinguishable in the field, although the differences are not immediately obvious. 
The three textural types will be termed groups 1, 2 and 3. It is not intended that 
these divisions be used as a new subdivision of the coarse granite as it will be 
shown (section .5.3) that these variations are the result of in-situ crystallisation of 
a single magma body. 
Group 1 rocks are medium grained (3 - 6 mm) equigranular quartz, two 
feldspar, biotite grm~ites (Plate 5.1). They are composed of euhedral, equant 
quartz and feldspar phenocrysts up to 6 nun across surrounded by euhedral to 
subhedral quartz, subhedral feldspar and occasional flakes of platy subhedral bi-
otite. The latter phases range in size between 1 and 4 mm. Internal variations 
within the group occurs in the form of slightly more porphyritic variants. The 
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Figure 5.2. Equal area stereonet showing a compilation of orientation data for 
the apli tes cutting the coarse granite (circles - poles to planes) in relation to the 
margin of the coarse granite which is set to north (broken line). 
N 
rocks occasionally develop a granophyric texture. 
Group 2 rocks are very coarse grained porphyritic granites (Plate 5.2). They 
have the same mineralogical composition as the group 1 rocks. Their texture 
is dominated by large tabular to equant euhedral phenocrysts of alkali feldspar 
up to 12 mm across. These crystals form as much as 50% of the rock. They 
are surrounded by aggregates of euhedral to subhedral equant crystals of quartz, 
intersertal feldspar and subhedral biotite. The group can be distinguished from 
the group 1 rocks by their coarser grain size, inequigranular strongly porphyritic 
texture and lack of significant amounts of non-porphyritic feldspar. 
Group 3 rocks are more variable. Typically they are porphyritic granites with 
a medium t.o fine graiuecl matrix ( Pl_a.te 5.3). Phenocrysts of euhedral, tabular 
alkali feldspar (up to 10 nun across) and occasional phenocrysts of equant, sub-
heclral quartz are supported by a matrix of granular quartz, feldspar and biotite. 
However other rocks within the group show a coarsening of the granular texture 
and a reduction in the percentage of phenocrysts which gives them an appearance 
similar to the group 1 rocks. However the group 3 rocks are separated in the 
field from the group 1 rocks by rocks of group 2 (Fig. 5.3). Distinction between 
rocks of groups 2 and 3 can be made easily on the basis that the former is coarser 
grained and lacks a granular groundmass. 
Rocks of all three groups showed drusiform texture. Vugs were occasionally 
lined with feldspar, smoky quartz, biotite and unidentified zeolite phases. The 
actual distribution of the drusiform rocks showed no consistent pattern which is 
interpreted to indicate variable water content in the magma (section 5.4). 
A sample of a biotite rich segregation/ enclave was collected from upper Glen 
Sannox (GR 976435). This was the only xenolith/enclave of either country rock 
or mafic igneous material found away from the margin of the intrusion (section 
4.1 ). 
A small number of samples were collected from the porphyritic margins of 
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Plate 5.1. (a) Photograph of a typical sample of the group 1 rocks showing 
the characteristic granular texture. Phenocrysts of feldspar are surrounded by a 
grounclmass of rounded quartz and irregular grains of feldspar and biotite. (mm 
scale in lower left corner.) 
(b) The photomicrograph shows the typical texture of the group 1 rocks. Large 
phenocrysts of euhedral feldspar and quartz are surrounded by a granular ground-
mass of subhedral to anhedral quartz, orthoclase, oligoclase and biotite. Group 1 
coarse granite, No. 98402b. \Vidth of field = 3.5 mm, crossed polars. 

Plate 5.2. (a.) Photograph of a. typical sample of the group 2 rocks showing very 
coarse grained porphyritic texture. Large euhedral to subhedral phenocrysts of 
feldspar are surrounded by aggregates of rounded quartz and intersertal feldspar 
which forms overgrowths on the phenocrysts. (mm scale in lower left corner.) 
(b) This photomicrograph shows the typical texture of the group 2 rocks. Large 
phenocrysts of feldspar (oligoclase in upper left corner) are surrounded by aggre-
gates of rounded euhedral to subhedra.l quartz (centre) which is surrounded by 
intersertal alkali feldspar (in extinction). Group 2 coarse granite, No. 95412c. 
'Width of field = 3.5 mm, crossed polars. 

Plate 5.3. (a) Photograph of a typical sample of group 3 granite. The rock 
shows a well developed texture of porphyritic euhedral quartz and feldspar in a 
fine grained matrix of quartz, feldspar and finely distributed biotite. This group 
shows variable texture, the main variation being an increase in the size of the 
groundmass crystals so that the texture of the rock approaches that of the group 
1 rocks (plate 5.1 ). This particular sample is very drusiform. (mm scale in lower 
left corner.) 
(b) Photomicrograph of a porphyritic fine grained group 3 rock. Euhedral phe-
nocrysts of oligoclase and quartz (centre) are surrounded by a granular, slightly 
granophyr.ic matrix of quartz, feldspar and biotite. Group 3 coarse granite, No. 
9G421b. Width of field = 3.5 mm, crossed polars. 

the intrusion. Seven porphyritic rocks adjacent to the coarse grained group 2 
rocks contained an ·average of 23% phenocrysts (point count data, 1000 points 
per sample) and two porphyritic rocks adjacent to coarse grained group 1 rocks 
contained an average of 8% phenocrysts. Poor exposure and crushing along the 
contacts prevented larger sets of samples being examined. However this feature 
emphasises the more porphyritic nature of the group 2 rocks. Rocks of group 3 
do not occur along the margins of the granite. 
The distribution of the three groups of rocks is shown in figure 5.3. This 
map was produced from field mapping and studies of hand specimens collected 
during mapping. The area of group 1 rocks in the SE corner of the pluton can be 
clearly mapped. The narrow margins on the north and west sides were defined 
after petrographic studies of textural variation within the granite. The contact 
between the group 1· and group 2 rocks is not sharp. It cannot be mapped on 
the north and west sides of the granite due to poor exposure. However in the SE 
corner of the granite group 1 rocks are restricted to an area east of Glen Rosa 
and SE of North Goatfell. A transition from group 1 to group 2 can be traced 
across the Stacach ridge between Goatfell and North Goatfell and between North 
Goatfell and Mullach Bhuide. The transition occurs over ~ 50 m. At no point 
is there a sharp discontinuity between the two groups. The transition is marked 
by a gradual increase in the size and proportion of feldspar phenocrysts in the 
rocks passing from group 1 to group 2. Further mapping of the actual position of 
the contact is prevented by poor or inaccessible exposure. Hence the line drawn 
on the map (Fig. 5.3) is only approximate and is largely based on the texture of 
hand specimens collected close to the transition. The topographic control on the 
position of the contact suggests that it dips steeply toward the SE, toward the 
margin of the granite. 
Rocks of group 2 form most of the coarse granite. They occur in contact with 
the Dalradian and ORS rocks where there are no group 1 rocks at the margins of 
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Figure 5.3. Map showing the distribution of the three types of granite distin-
guishable on the grounds of texture. The boundaries between each group are 
gradational. The internal contacts dip steeply outwards. 
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the intrusion. Group 3 rocks are only found in the centre of the intrusion where 
their outcrop has been partially obscurred by the emplacement of the younger fine 
granite. The group 2 rocks completely surround the group 3 rocks. As with the 
junction between the group 1 and group 2 rocks there is no clear contact between 
group 2 and group 3. The group 2 rocks become less strongly porphyritic and 
develop a medium to fine grained groundmass toward the centre of the pluton. 
This transition can be mapped to within 50 m to the west of A' Chir and Beinn 
Tarsuinn and across Creag Dubh to the north of Caisteal Abhail. 
While it is clear that textural variations can be found within the coarse granite 
the similar mineralogical content of the three rock types and the lack of sharp 
contacts between them suggests the intrusion is a single body of magma. Had 
the coarse granite accumulated from more than one pulse of magma a marked 
variation in texture and mineralogy between rocks separated by sharp contacts 
might be expected. These features are not seen in the granite. 
Thin section studies of the petrography of the coarse granite confirms the 
observations made froin hand specimens and provides further details about the 
evolution of the magma. The three textural types described above can be clearly 
distinguished on the same grounds in thin section (Plates 5.1 - 5.3). All three 
groups have the mineral assemblage, quartz, orthoclase, sadie plagioclase, biotite 
and accessory phases. The first three minerals occur as phenocrysts and in the 
groundmass. Modal analysis by point counting thin ·sections showed the following 
variations (Table 5.1): 
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Table 5.1. Modal analysis of mineralogy. 
Group quartz Orthoclase Plagioclase 
1 3!) (!:>.72) 48 (8.70) 10 (5.80) 
2 35 (9.48) 48 (12.26) 13 (7.80) 
3 38 (8.45) 54 (9.90) 5 (2.5) 
Modes given as volmw~ perc1~11t. for 16 samples of group 1. 46 samples of group 2 aud 12 
samples of group 3. St.audanl dcviatious an~ given in hmckets. Data determined from [100 poiut. 
counts per sample. Remainder of rock is composed of minor amounts of biotite and accessory 
phases. 
It is clear from table 5.1 that group 2 rocks are slightly less evolved mineralog-
ically than groups 1 and 3. They show a higher concentration of plagioclase at 
the expense of quartz. Group 3 rocks appear to be the most evolved. They con-
tain very little plagioclase but have extremely high concentrations of orthoclase. 
Mafic phases make up betwen 1 and 4% in all three groups which emphasises the 
extremely evolved nature of the coarse granite. 
The major phenocryst phase in all three groups is a euhedral tabular to equant 
cryptoperthitic orthoclase feldspar. Individual crystals vary in length between 3 
and 12 nun. Many of these phenocrysts show euhedral zonation with inclusions of 
quartz or plagioclase trapped between growth increments (Plate 5.4). The euhe-
dral crystal faces developed during growth indicate that crystallisation progressed 
without interference from adjacent crystals. Inclusions of quartz and plagioclase 
suggest that growth was not always continuous. The edges of the crystals are 
rarely sharp, often having overgrowths of orthoclase which are interpenetrant be-
tween adjacent crystals. These overgrowths can be distinguished as being a late 
stage of crystal growth as they are rarely in optical continuity with their host 
crystal. From their size and zonation it appears that these crystals had a pro-
longed growth history in equilibrium with a magma of changing composition. 
When well formed the crystals typically show Carlsbad twinning. Other crystals 
are interpenetrant and have coalesced during crystallisation. Some crystals show 
micropert.hitic exsolution textures although this is not common. In the ground-
mass orthoclase forms irregular crystals intergrown with quartz and plagioclase 
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Plate 5.4. Zonation in orthoclase feldspar. A large phenocryst of orthoclase 
feldspar showing well developed early euhedral crystal faces. A later overgrowth 
of more orthoclase (not in optical continuity) has an irregular contact against 
groundmass orthoclase and quartz. Small inclusions of quartz are visible in the 
overgrowth which becomes progressively perthitic toward its outer edge. Coarse 
granite, No. 97441. Width of field = 3.5 mm, crossed polars. 

(Plate 5.5 ). Crystal shapes are generally subhedral to anhedral. Alternatively the 
orthoclase is iutergrown in a radiating granophyric texture with quartz around 
euhedral phenocrysts of orthoclase or in a graphic intergrowth, again with quartz 
(Plate .5.6). Intersertal growth of orthoclase between closely packed aggregates of 
quartz is seen in the group 2 rocks. 
Plagioclase forms tabular to equant phenocrysts which vary between 3 and 
10 nun in length. Determination of composition by the Michel Levey technique 
indicated that the majority of crystals had compositions between Anw and An3o, 
which is the range for oligoclase. Using the Becke Line test it was possible to es-
tablish that the plagioclase had a lower refractive index than quartz which restricts 
its compositional range to between Anw and Anzu. Some of the phenocrysts were 
zoned from approximately An4u and Anw, from core to rim, indicating they had 
remained in equilibrium with an evolving melt (Plate 5. 7) .. Other crystals show 
no zoning, either as the result of late crystallisation or re-equilibration with the 
magma. These crystals are generally free of inclusions and typically have sharp 
contacts against the groundmass. · Phenocrysts occur as both single crystals and 
glomeroporphyritic aggregates. Albite and carlsbad twinning are very common 
permitting clear recognition of the plagioclase under crossed polars. Occasionally 
the twinning is complex. Single crystals contain two sets of albite and carlsbad 
twins at 90°. The twinning is occasionally disrupted by zoning of the crystals. 
This zonation (as described above) is always normal. Some crystals show more 
complex convolute zonation. Plagioclase also occurs in the groundmass where it 
forms anhedral crystals intergrown with quartz and orthoclase. The groundmass 
plagioclase has a composition which ranges between Anzu and An5 (determined 
by a combination of the Michel Levey and Becke Line tests), which is slightly 
. more sadie than the phenocryst plagioclase. 
Quartz occurs as equant to prismatic phenocrysts between 2 and 4 nun m 
length. Crystals have grown in glomeroporphyritic clusters and have euhedral to 
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Plate 5.5. Groundmass texture of the coarse granite. This photomicrograph 
shows the typical hypidiomorphic granular intergrowth of quartz, orthoclase, oligo-
clase and biotite developed in group 1 rocks. Group 1 coarse granite, No. 99413. 
Width of field = 3.5 mm, crossed polars. 
Plate 5.6. Granophyric intergrowth in the coarse granite. This photomicrograph 
shows a well developed granophyric intergrowth of quartz and orthoclase on phe-
nocrysts of orthoclase which pass into the more common hypidiomorphic granular 
groundmass (cf Plate 5.5). Group 1 coarse granite, No. 96412. Width of field= 
3.5 mm, crossed polars. 

Plate 5.7. Zoned plagioclase. This photomicrograph shows a zoned phenocryst of 
plagioclase feldspar with euheclral crystal faces clevelopecl during early increments 
of growth which are followed by a. later development of an irregular contact with 
the groundmass. Coarse granite, No. 98402b. Width of field = 3.5 mm, crossed 
polars. 

subhedral shapes. They contain rare inclusions of alkali feldspar. Quartz also 
occurs as irregularly shaped inclusions in feldspar phenocrysts. Phenocrysts oc-
casionally have overgrowths of later quartz and feldspar developed during the 
development of the groundmass. In the groundmass quartz occurs in granular in-
tergrowths with feldspar and in granophyric or graphic intergrowths (Plate 5.6). 
A notable feature of many of the quartz phenocrysts in the coarse granite is undu-
lose extinction and the development of subgrains (Plate 5.8), which is commonly 
attributed to distortion of the crystal lattice by low strains. Such a distortion may 
have resulted from stresses created by contraction of the rock during cooling but 
the development of subgrains, which results from the migration of lattice defects 
implies higher strains than might be expected from such a process. Many well 
jointed rocks (which have clearly undergone contraction on cooling ) do not even 
show undulose extinction. The cause of these strain effects will be discussed fur-
ther in section 5.5. Commonly the quartz occurs as glomeroporphyritic clusters 
(particularly ~1 group 2 rocks where the clusters surround phenocrysts of feldspar). 
Within these clusters crystals are frequently seen in optical continuity, suggesting 
a crystallographic alignment. However in any one thin section no evidence of any 
crystallographic orientation direction for any of the phenocryst or groundmass 
phases was recorded. Within the clusters adjacent grains show interpenetrant 
contacts and subgrain growth along intersecting grain edges. Thin films of inter-
sertal albite and occasionally biotite are visible between crystals where they are 
not in contact. 
Red-brown to green biotite occurs as euhedral to anhedral crystals up to 3 mm 
across which are restricted to the groundmass. Biotite does not appear to be a phe-
nocryst phase in the sense that it nucleated early in the crystallisation sequence, as 
it never occurs as inclusions in the plagioclase, orthoclase or quartz phenocrysts. 
It does however appear to form immediately prior to the crystallisation of the 
groundmass since euhedral crystals of biotite are commonly observed enclosed in 
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Plate 5.8. Photomicrograph of coarse. granite showing an aggregate of rounded 
quartz crystals surrounded by thin fih_ns of orthoclase feldspar. The quartz crystals 
show undulose extinction. One crystal at the centre of the view shows a well 
developed subgrain (in extinction) at its contact with an adjacent quartz crystal. 
Coarse granite. Width of field = 3.5 mm, crossed poln.rs. 
Plate 5.9. This photolllicrograph ;11ustrates deformation of biotite in the coarse 
granite. A large crystal of biotite shows well developed deformation bands result-
ing from distortion of the crystal lattice. Coarse grn.nite, No. 98401. Width of 
field = 3 . .5 mm, crossed polars. 

anhedral groundmass quartz and feldspar. It is also found as intersertal growths 
between aggregates of quartz (described above) which suggests its crystallisation 
interval extends into that of the groundmass. Within the groundmass it occurs 
as single crystals or as aggregates of subhedral crystals. Crystals commonly con-
tain inclusions of zircon, allanite, apatite and opaques (magnetite/rutile) which 
occur as accessory phases. Pleochroic haloes are common around the zircon and 
allanite crystals due to metamictisation. In addition to the strained quartz crys-
tals distorted biotite crystals also record slight deformation of the coarse granite 
following crystallisation (Plate 5.9 ). 
The accessory ph~s<:;s re~orded in the coarse granite are allanite, zircon, apatite 
and opaques (in approximate order of crystallisation). These phases generally 
represent less than 1% of the rock. Strongly pleochroic red-brown allanite forms 
subhedral to anhedral crystals up to 0.25 nun across. Zircon and apatite generally 
occur as small ( < 0 .. 5 mm) euhedral inclusions in biotite indi~ing they nucleated 
prior to the crystallisation of the latter. The opaques form small granular crystals 
which are always associated with the biotite. Some may be primary but it is also 
clear that this phase has developed as a result of oxidation and decomposition of 
biotite. The accessory phases are only seen in association with biotite, with which 
they form aggrega_tes surrounded by or included in groundmass feldspar (Plate 
5.10). 
Apart from occasional inclusions of one crystal in another the phenocrysts 
show no evidence of a definite crystallisation sequence. Quartz tends to be less 
well crystallised than plagioclase and orthoclase and also tends to cluster around 
these phases when the phenocryst content of the rock is high. Hence it is thought 
that the entry of quartz onto the liquidus may slightly post date the other phe-
nocryst phases. The euhedral zonation patterns seen in both the plagioclase and 
the orthoclase indicates these phases crystallised over a period of time, while coni-
pletely surrounded by melt, before the crystal content of the magma reached the 
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Plate 5.10; Accessory minerals in the coarse granite. This photomicrograph 
shows the typical paragenesis of the accessory phases in the coarse granite. An 
irregularly shaped biotite crystal encloses or partially encloses opaques (magnetite,· 
Ti-oxide), zircon (identifiable from pleochroic haloes) and deep red-brown high 
relief allanite. Acicular crystals of apatite are enclosed in groundma.ss quartz at 
the centre of the field of view. Coarse granite, No. 97381a. Width of field = 3.5 
mm, plane polarised light. 

point where crystals began to coalesce. It is clear that by this s~age of crystalli-
sation that all three phenocryst minerals were stable liquidus phases. None show 
- embayed margins which would indicate resorption. Hence it is concluded that 
the assemblage, plagioclase, orthoclase and quartz indicates cotectic (? eutectic) 
crystallisation, following crystallisation of plagioclase and orthoclase. Early crys-
tallisation of the latter pair of minerals would have increased the silica content of 
the melt to the point at which it became saturated in quartz. This is discussed 
further in section 5.4. 
As noted above the three phenocryst phases also occur in the groundmass 
indicating their stability range extends into the later stages of crystallisation of 
the granite. In addition they are joined by biotite and accessory minerals. Biotite 
and the accessory phases do not occur as inclusions in the phenocrysts and hence 
it is concluded that they formed during the early stages of the crystallisation of 
the groundmass. Biotite commonly forms euhedra.l to subhedral platy crystals, 
but is also intersertal to phenocrysts. Euhedral biotite crystals commonly cross 
cut or are partially enclosed by groundmass quartz or feldspar. 
Only the rocks of groups 1 and 3 regularly develop a distinct groundma.ss (i.e. 
they show a bimodal distribution of crystal sizes). Rocks of group 2 contain a 
very high concentration of phenocrysts so that the groundmass is essentially an 
intersertal fabric. When developed, the groundmass is typically medium to fine 
grained (0.5 to 2.0 mm) with a hypidiomorphic granular texture (Plate 5.5). In 
some cases the granular texture has been replaced by a granophyric intergrowth 
nucleating on the orthoclase phenocrysts or a micrographic intergrowth of quartz 
and alkali feldspar (Plate 5.6). Biotite and accessory phases are enclosed in these 
intergrowths. The granular to consertal nature of the groundmass and the lo-
cal development of granophyric texture suggests it formed by rapid simultaneous 
crystallisation of quartz and alkali feldspar (Smith, 197 4 ). 
Table 5.2 summarises the crystallisation sequence and crystallisation intervals 
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Table 5.2. 
Crystallisation Sequence of the Coarse Granite. 
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of the mineral phases of the coarse granite as determined from the petrographic 
observations described above. This table applies to all three textural groups of 
the coarse granite; the sequence of crystallisation being the same in each group. 
This further emphasises the similarity between the groups. Crystallisation can be 
divided, on the basis of the bimodality in crystal sizes of the quartz and feldspars, 
into a phenocryst interval and a groundmass interval. Plagioclase, orthoclase and 
quartz remain on the liquidus throughout the crystallisaton of the magma. Biotite 
and the accessory phases appear to be restricted to the groundmass interval. Tex-
tural evidence indicates that groups 1 and 3 have a well developed groundmass. 
Group 2 rocks can be distinguished from 1 and 3 by the lack of a well developed 
grounclmass. [n group 2 rocks the groundmass phases occur as intersertal films 
around the phenocrysts. If the coarse granite is a single magma body, as the field 
data suggests, this variation in texture implies that the crystallisation mechanism 
must be the dominant control on the fabric of the rock. This aspect of the crys-
tallisation and evolution of the composition of the magma from which the coarse 
granite crystallised will be discussed in the remainder of t~1is chapter. 
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5.3 Geochemistry of the Coarse Granite. 
This section on the geochemistry of the coarse granite is divided into isotope 
geochemistry and major and trace element geochemistry. The section on isotope 
geochemistry discusses the origin of the magma. from which the coarse granite 
crystallised, aspects of which are pertinent to understanding the origin and depth 
of accumulation of the magma prior to its ascent. The second section dealing 
with the major and trace element geochemistry of the magma concentrates on the 
evolution of the magma, during its ascent, emplacement and crystallisation. 
5.3.1 Isotope Geochemistry. 
The major, trace element and isotope geochemistry of a variety of igneous 
and older crustal rocks from the Isle of Arran was studied in detail by Dickin 
et al. (1981). These authors showed that the Tertiary igneous rocks could be 
divided into a silica undersaturated trend and a· silica oversaturated trend on the 
basis of oxide vs differentiation index diagrams. The rocks of the undersaturated 
trend are characterised by high Ti02(> 2%), total Fe (> 12%), P205 and Sr 
(~ 400 ppm) and low CaO (~ 8%). Rocks of the oversaturated trend have low 
Ti02(::; 1.5%), total Fe ( < 11%), P205 and Sr ( < 250 ppm) and CaO (~ 9%). 
These characteristics indicate that the more basic members of the two trends could 
be grouped with the Plateau and the Preshal Mhor magma types respectively, 
as defined by Thompson (1982). The only oxide/differentiation index plot of 
Dickin et al. (1981) which makes this distinction clear is of differentiation index 
against Si02, which indicates the oversaturated trend is Si02 enriched relative 
to the undersaturated trend! In both series the acid rocks are separated from 
the basic by a large Daly gap. Dickin et al. (1981) suggested the acid rocks of 
the central complex and the northern granite are co-linear with the oversaturated 
trend and inferred that they were derived from the latter by differentiation with 
or without crustal contamination. Analyses of the Dalradian, ORS and New Red 
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Figure 5.4. A plot of 87Sr/86Sr corrected to 59 Ma. against Sr concentration 
measured from the Tertiary igneous and older crustal rocks of Arran (from Dickin 
et al., 1981). Diamonds- Northern Granite; Squares- Central complex granites; 
Upright triangles - acid rocks of the oversaturated trend; Inverted triangles -
basic rocks of the silica oversaturated trend; Open circles - rocks of the undersat-
urated trend; Stars- Dalradian; Open squares- ORS; Open diamonds- New red 
sandstone. 
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Figure 5.5. A Pb/Pb isocliron diagram for the Tertiary igneous and older crustal 
rocks of Arran (from Dickin et al., 1981). Diamonds- Northern Granite; Squares 
- Central complex granit.es; Upright triangles - acid rocks of the oversaturated 
trend; Inverted triangles - basic rocks of the silica oversaturated trend; Open 
circles - rocks of the undersaturated trend; Stars - Dalradian; Open squares -
ORS; Open diamonds- New red sandstone. L and U define the lower and upper 
intersection of the best fit line to th~ range of compositions defined by the Tertiary 
igneous rocks with the growth curveiwhich gives the rocks an apparent age of 770 
h 
Ma. M is the estimated compositio.Ii of the upper mantle beneath Arran during 
the Palaeocene. 
15·6 
(
207Pb) 
204Pb 
59 
15·4 
15·2 
JJ1 =7·92 L_ Growth curve 
770 Myr 
Regression 
.. 
•. . . ,.A; 
.. ~ 
.. 
. . 
· •· · "Lewlslan 
lsochron 
* 
Mid Atlantic Ridge 
., ., 
0 L ..--W . 
"\'(a I • • . . . . . . lQJ a.-;).~M - ;- _.-.-·-.. * 
i1 
:! 
.• 
15·0~._------~--------------~----------~----------~----------~ 
16·5 17·0 17·5 18·0 18·5 
(
206Pb) 
204Pb 
59 
19·0 11 
-· (Q 
. 
01 
. 
01 
. 
0 
Sandstone (NRS) rocks indicate they have compositions which bridge the Daly 
gap. Consequently it is possible that the acid magmas evolved by partial melting 
of these units. 
The problem of origin by differentiation or crustal melting for the acid rocks 
of Arran was resolved by Dickin et al. (1981) using Sr and Pb isotope data. All 
the analysed Dalradian and NRS rocks have higher 87Srj86Sr ratios than the acid 
igneous rocks. The majority of the acid rocks also have lower 87 Sr j 86 Sr ratios than 
the ORS. Others, including the northern granite (87Sr j 86 Sr ~ 0. 716), have similar 
ratios to the ORS rocks (Fig. 5.4). However since partial melts will always have 
higher 87 Sr j 86 Sr ratios than their parents due to concentration of incompatible Rb 
in the melt, it appears that the northern granite cannot have been derived solely 
by partial melting of ORS. Such an origin is also ruled out by the observation that 
the granite is intruded into Dalradian rocks to the NW of the Highland Boundary 
Fault (Chapter 4) where the overlying ORS is very thin and of insufficient volume 
to generate a magma body the size of the northern granite. It is clear that the 
northern granite cannot have formed solely by partial melting of crustal rocks. 
The range Pb isotope compostions of the acid and basic igneous rocks of Arran 
define an isochron on a 206 Pb/204Pb vs 207Pbj204Pb diagram which indicates an 
apparent age of 770±180 Ma (Dickin et al., 1981; and Fig. 5.5). This rules out an 
origin for the granitic rocks or contamination of the basic rocks by partial melting 
of Lewisian ba..<;ement, (or Dalradian rocks derived from weathered Lewisian as 
indicated by the data of Dickin et al. 1981), which would have produced a much 
steeper pseudo-isochrcin. This does not rule out partial melting of Proterozoic 
basement. 
Dickin et al. (1981) interpreted the 770 l'Vla pseudoisochron as representing 
a mixing line between Pb of Tertiary mantle origin and Pb derived by partial 
melting of 770 Ma old lower or middle crust. They examined this conclusion by 
constructing the intersection of the mixing line with a growth curve (ILl value of 
93 
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Figure 5.G. Sample frequency against a). eoGpbj2°4Pb )u9 and b). (8iSr/8GSr )u9 
for the Tertiary igneous rocks of Arran. The figures clearly indicate the restricted 
range of isotope compositions in samples from the coarse granite (C) and the fine 
granite (F), particuL.i.rly for 20GPb/20'1Pb. Basic rocks are indicated by box~s with 
diagonal lines. (Data from Dickin et al., 1981.) 
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7.92) assuming that the basement beneath Arran had evolved as a closed system 
since 4570 Ma (Fig. 5.5 ). However estimates of the Tertiary mantle composition 
beneath Arran indicate it had higher 207 Pbj2°4Pb and 206Pbj204Pb than that 
predicted by the intersection of the growth curve with the 4570 Ma geochron, but 
comparable with the least contaminated Arran rocks. 
The misfit in the Ill growth curve model suggests that the assumption of 
a closed crust/mantle system beneath Arran is invalid. The assumption is cer-
tainly not compatible with the model of Morrison et al. (1980) and Thompson & 
Morrison (1988) that a Permian mantle melting/extraction event occurred which 
modified asthenopheric mantle compositions prior to the Tertiary igneous activity. 
The effect ofthe inaccuracy in the growth curve model is to introduce greater error 
into the age and isotope composition of the basement contaminant (Dickin et al. 
1981). It is possible that the error in age is sufliciently large to accommodate 1100. 
Ma Grenvillian crust as a possible contaminant (Dickin et al. 1981 ). Xenoliths 
assumed to originate· from the basement of the Midland Valley have been elated 
as Grenvillian by van Breeman & Hawkesworth (1980). Bamford et al. (1977) 
indicate that this basement may also continue to the north of the HBF {chapter 
2) and so it is a possible source of contamination in the northern granite magma. 
Dickin et al. ( 1984) noted that Skye granites have similar Pb isotope com-
positions to associated basic rocks and hence concluded that they were the dif-
ferentiation products of crustally contaminated basic magmas. This model can 
also be applied to Arran, where a similar overlap in isotopic Pb compositions 
occurs (Fig. 5.6). In the case of Arran it is not possible to determine the de-
gree of contamination by the Proterozoic basement from the isotope data due to 
a lack of Pb isotope data for the basement rocks. Dickin et al. ( 1981) showed 
that there was evidence for crustal contamination of the Arran magmas after they 
had differentiated from their basic parent. The isotopic composition of magmas 
with high Sr and Pb concentrations would be hardly affected by the addition of 
!)4 
small volumes of partial melt with isotopically different Sr and Pb. In the case 
of the Arran acid rocks differentiatfC!n; from their basaltic parent by plagioclase 
(and pyroxene) fractionation would have left them depleted in Sr but enriched in 
·, 
Pb. Consequently the addition of partial melts containing isotopically different 
Pb could have only caused variations in the Pb isotope compostion of the acid 
magma if the contaminant contained a very high concentrationof Pb or its isotope 
composition was very different. However in the case of the acid rocks depleted in 
Sr by fractionation of a'.> Sr bearing phase only a small addition of isotopically 
~ifferent Sr to the melt ;.;J>Uld cause a significant change in the isotope composition 
of the rock. 
0. Si"'ifAf 
Data from Dickin et al. (1981) indicates that the northern granite has tlu~ snHHl 
Pb isotope composition to', that of the basic rocks of both the undersaturated and 
the oversaturated trends. However it has a very different Sr isotope composition 
(Fig. 5.6). This is consistent with post differentiation contamination. This figure 
also emphasises that the northern granite has a very restricted range of isotope 
compositions compared with the whole range of Tertiary igneous rocks from Arran. 
The variations in 87Srj86Sr shown by the samples of the coarse granite lies within 
the range of analytical error ( 1% 10') quoted by Dickin et al. (1981 ). This indicates 
that the granite represents a single magma body and the petrographic variations 
withi11 it do not. represent distinctly different granites. Hence it is assumed on the 
basis of these data that the coarse granite evolved and remained as a single body of 
magma during subsequent post differentiation contamination, by Dalradian rocks 
( discusiB below), and ascent. The narrow range of Pb data, compatible with 
the compositions of the basic rocks, indicates that the granite magma is derived 
from the same basaltic parent. The remaining acid igneous rocks on Arran have 
distinctly lower 87Srj86 Sr ratios than the northern granite (Fig. 5.6). Dickin et 
al. ( 1981) attributed this to the assimilation of Dalradian rocks by the granite. 
They suggested that this may have also caused the slightly lower 207 Pbj2°4Pb 
ratio of the granite relative to the other acid rocks which are thought to have not 
come iuto couta.ct with large volumes of Dalradian rocks. However since Pb is 
strongly incompatible it is likely to be concentrated .in partial melts of Dalradian, 
as would Sr. Consequently small degree partial melts of Dalradian would be 
strongly emichcd in isotopically different Pb which on mixing with the granite 
could produce some isotopic variation. Calculations based on the data. of Dickin 
et al. (1981) indicate that the isotopic Pb and Sr composition caused by post 
differentiation contamination of the northern granite magma is the result of the 
addition of up to 5% (by weight of the granite) of a very low ( < 5%) partial melt 
of Da.lradian (Fig. 5.7), assuming the granite had the same Pb and Sr isotope 
compositious as its basaltic parent (see above). This minor amount of assimilation 
of Dalradiau rock is consistent with the lack of xenoliths within the granite, which 
appear to exclude i!ttrusion of the granite by stoping and assimmilation of crustal 
rock (Chapter 4). 
In conclusion, isotope data can be used to show that the northern granite is 
a differentiate of basaltic magma. The basaltic magma was contaminated with 
crustal Pb aud Sr derived by partial melting of Proterozoic basement beneath 
Arran prior to differentiation. A lack of significant contamination by partial melts 
of Dalradian rocks before and following differentiation suggests that the granite 
accumulated within the 'Proterozoic basement, which lies 8 km below the present 
surface. Consequently it is inferred that the granite rose a minimum of 8 km 
during its ascent. A lack of significant variation in the isotope composition of the 
coarse granite suggest it accumulated and rose to the surface as a single body. 
9G 
Figure 5. 7. The bulk composition of Sr and Rb in a partial melt change with the 
degree of partial melting. Mixing of an Sr depleted magma with an Sr enriched 
partial melt will cause a change in the isotopic compostion of the magma if the 
two components have different initial isotopic ratios. This graph wa.s constructed 
by calculating the volume of different percentage partial melts of Dalradian which 
when mixed with the evolving granite could produce the observed variation in 
isotopic composition of the granite from its basaltic parent. The graph shows 
that the variation can only be the result of contamination of the granitic magma 
by less than 5% (by weight of the granite) of a very low degree partial melt of 
Dalradian. 
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5.3.2 Major and Trace Element Geochemistry. 
The major and trace element composition of 191 samples of the coarse granite 
were determined by XRF spec~innetry (see appendix for details). This collection of 
rocks includes 153 samples of the three textural groups (section 5.2) and samples of 
the fine sheets within the coarse, which were initially considered uncharacteristic 
of the groups within which they were collected. A separate collection of the aplites 
was made. 
The range and average major and trace element composition of the collection 
of rocks {191 samples) is given in Table 5.3. The table clearly shows that the 
variation in major element chemistry is restricted. The rocks are high in silica, 
aluminium and alkali metals (Na20 and K20) but are strongly depleted in other 
major oxides. CIPW norms calculated for each sample (see appendix) plot close to 
the minimum melting point in the system quartz - albite - orthoclase at 1 kbar 
pH20 (Tuttle & Bowen, 1958; and section 5.4, Fig. 5.40). Tllis indicates that 
the coarse granite is either the product of extreme fractionation or a partial melt 
of pre-existing igneous, sedimentary or metamorphic rocks (Thompson, 1983). In 
this case extreme fractionation is inferred on the basis of the isotope geochemistry 
of the granite (section 5.3.1). 
All the major oxide concentrations decrease with increasing silica. On carte-
sian co-ordinate plots most oxide compositions lie on parabolic curves indicating 
they are controlled by crystal fractionation as opposed to mixing (Figs. 5.8 to 
5.11 ). The notable exception to this is aluminium which shows a sharp straight 
line plot suggestive of mixing of a siliceous melt with an Al rich source. This 
could be explained by contamination of the granite by a partial melt of pelitic 
Dalradian. Such contamination may explain why the average composition of the 
granite is peraluminous: 
Al203 = LOn 
Na20 + K20 + CaO 
97 
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TABLE 5.3 
Average and range of major and trace element compositions for 
the Northern Arran Coarse Granite. 
Element Average Range 
Si02 77.29 70.69- 80.47 
Ti02 0.10 0.00- 0.50 
.. tAhOJ 12.49 11.21 - 14.23 
/.Fe203 1.33 0.03- 4.61 
.. l MgO 0.04 0.00- 0.17 . ' 
CaO 0.38 0.10- 1.73 
Na20 3.38 2.84- 4.28 
K20 4.99 0.51 - 5.88 
Mn02 0.03 0.02 - 0.10 
P20& 0.02 0.00- 0.11 
Ba 641 0- 1365 
Nb 31 0- 59 
Zr 147 8- 635 
y 67 23- 153 
Sr 33 1- 64 
· Rb 178 136- 302 
Zn 44 1!) - 165 
Cu 12 0- 18· 
Ni 5 0- 9 
Pb 27 22- 53 
u 2 0- 4 
Th 20 0- 31 
v 5 0- 24 
Cr 10 0- 40 
Nd 48 15 - 151 
La 39 3- 37 
Ce 81 0- 124 
K/Rb 233 1- 308 
Total Fe given as Fe20 3. Major oxides Ull wt %, trace clements in ppm. 191 samples. 
Figure 5.8. A}z03 (wt %) plotted against Si02 (wt %) for the 153 samples repre-
sentative of the petrographically defined groups of the coarse granite. (Diamonds 
- group 1; Crosses - group 2; Circles- group 3.) 
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Figure 5.9. Na.20 (wt %) plotted against Si02 (wt %) for the 153 samples repre-
sentative of the petrographically defined groups of the coarse granite. (Diamonds 
-group 1; Crosses- group 2; Circles- group 3.) 
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Figure 5.10. K20 (wt %) plotted against Si02 (wt %) for the 153 samples repre-
sentative of the petrographically defined groups of the coarse granite. (Diamonds 
-group 1; Crosses- group 2; Circles- group 3.) 
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(Oxides are in m,olecular proportions.) It is also possible that the aluminiun 
contentsof the rocks have been enhanced by kaolinisation although there is little 
evidence for this. Had this contamination been substantial (isotope data indicate 
that it amounts to less than 5% of the granite, Fig. 5. 7) the alkali elements would 
also be expected to show mixing trends. Since they do no it is concluded that the 
major control on element variation in the coarse granite is crystal fractionation. 
The fall in alkalis and aluminium with increasing silica (Figs. 5.8 to 5.11) indicate 
the fractionating phases could be orthoclase and plagioclase, which is consistent 
with the presence of these minerals as phenocrysts (section 5.2). Hence chemical 
variation in the coarse granite due to mixing of a number of pulses of different 
granitic magmas or crustal contaminants can be ruled out on the basis of major 
element geochemistry. 
Major and trace· element data from Table 5.3 and Sm and Tb data from 
Meighan, (1979) were plotted on a chondrite normalised incompatible element 
plot (Fig. 5.12). This figure shows a number of prominent troughs corresponding 
to Ba, Sr, P and Ti, a slight trough at Zr and a prominent peak at Rb, Th and K. 
The elements La, Ce, Nd, Sm, Tb andY are generally enriched in granitic systems 
relative to chondritic bulk earth but are not compatible in many of the common 
minerals involved in fractionation (e.g. feldspars, micas, apatite and zircon). Con-
sequently these elements do not show the wide variation in concentration shown 
by the elements compatible in these phases. Hence they may be used to indicate 
relative enrichment and depletion of the compatible elements which can then be 
used as indicators of the minerals controlling differentiation. 
The distribution of an element between a mineral and a coexisting liquid is 
controlled by the distribution coefficient of the element. In most cases extrac-
tion or enrichment of a particular element is controlled by its bulk distribution 
coefficient which is the sum of the distribution coefficients for each mineral in 
equilibrium with the liquid multiplied by the weight proportion of each mineral 
98 
Figure 5.12. Chondrite uormalisecl incompatible element pattern showing the 
average composition and variation in composition (given by 2a) of selected ele-
ments for the coarse granite. (Sm and Tb data from Meighan, 1979; Normalisation 
factors after Thompson, 1982.) 
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in the solid assemblage. Distribution coefficients used in this study are given in 
Table 5.4. 
Table 5.4 
Selected distribution coefficients for Ba, Rb and Sr. 
Mineral Ba Rb Sr 
Qn<Ltt/1 0.0001 ().()001 0.0001 
Orthoclase 6.60 0.38 4.00 
Plagioclase 0.50 0.0!) 4.40 
Biotite 7.55 3.40 0.24 
11 ·: n Data for qnart.11. after McCart.hy & Hasty ( 1 !J76), other data from Henderson ( 1 !)82). 
average valnes nsed. although some variations in vahws for Rb were made- sec text. for fnrthcr 
details. 
The simplest method of producing peaks in the incompatible element diagram 
is to add more of a particular element to the magma without increasing the con-
centration of others. Conversly troughs are produced by selectively removing a 
particular element from the melt. Comparison of the position of the troughs with 
distribution coefficient data indicate that the troughs at Ba, Sr, P, Zr and Ti 
can be explained by the removal of these elements from the melt by separating 
crystallising orthoclase, plagioclase, apatite, zircon, Ti-oxide or Ti rich pyroxene 
(the absence of a trough at Nb excludes extensive fractionation of spinel group 
minerals such as magnetite or rutile). The peaks at Rb, Th, and K indicate the 
addition of an acid partial melt to the magma. The timing of these fractionation 
and contamination events can be deduced from the petrographic and isotopic data 
described in sections 5.2 and 5.3.1. 
The isotope data records contamination of the basic magma by Proterozoic 
lower crust. Thompson et al. (1982) showed that Hebredian basalts displayed 
a range of contamination by large fraction cotectic partial melts of Lewisian 
leucogneiss. This resulted in the basalt showing enrichment in those elements 
concentrated in the partial melts. Experimental data of the melting of the gneiss 
(Thompson, 1981) and theoretical modelling of contamination processes in the 
lower crust (Patchett, 1981) indicate that partial melting of lower crustal gneisses 
selectively removed the leucocratic portion of the rock to leave a refractory restit.<'. 
The melt would result from the fusion of quartz, alkali feldspar (and muscovite). 
This would produce. a melt enriched in the strongly incompatible elements Ba, 
Rb, U, Th, Ph, Sr and K and the light rare earth elements (REES), and depleted 
in Nb, Ta, P, Zr, Hf, Ti, Y and the middle to heavy REES which would remain 
in the refractory residue. Mixing of this partial melt with the basic magma would 
cause enrichment of the basic liquid in the incompatible elements relative to the 
compatible elements, and alter its isotopic composition. 
A simple mixing calculation indicates that the observed concentration of Rb 
and K in an oversaturated basalt with a Pb isotopic composition closely similar to 
that of the coarse granite (from Dickin et al. 1981) could be produced by mixing 
70% primitive Preshal Mhor type magma (SK946 of Thompson, 1982) with 30% 
of a large fraction partial melt of Grenvillian quartzofeldspathic gneiss (Graham 
& Upton, 1978) (Fig. 5.13). 
This process would explain the relative enrichment of Rb, Th and K shown 
in the incompatible element plot for the Arran granite. An enrichment of Ba in 
the grani.te might also be expected, but instead a trough occurs at this element 
indicating depletion. This will be discussed below. Sr isotope data for the coarse 
granite indicate that the contaminated basaltic parent evolved toward a granitic 
composition by fractionating a(:· Sr bearing phase (or phases), following contam-
ination by Proterozoic basement. The troughs at Sr and Ti suggest this may 
have been plagioclase and possibly a. Ti rich pyroxene. This fractionation episode 
would have produced a melt with high absolute concentrations of all the incom-
patible elemetits. Consequently,·:;:, contamination by a partial melt of crustal rocks 
l/• 
(enriched in incompatible elements) would be more difficult to detect. A large 
volume of partial melt with a significantly different incompatible element compo-
sition (i.e. extremely concentrated in incompatible elements) would be required 
to cause observable changes in the incompatible e~ement pattern. This could only 
100 
Figure 5.13. Chouclrite nonu;:tlised incompatible element patterns for Arran ba-
sic rock 88 (which has the same 206 Pbj2°4 Pb isotope composition as the coarse 
granite) (squares, data from Dickin et al., 1981), Preshal Mhor basalt SK946 (cir-
cles, least contaminated Prcsha.l Mhor basalt of Thompson, 1H82), Partan Craig 
Grenvillian Quartzofeldspathic granulite (crosses, data. from Graham & Upton, 
1978 and van Breeman & Hawkesworth, 1980) and a mixture of 70% SK946 and 
30% feldspathic granulite (triangles). 
Rb K Sr p Ti 
Fig. 5.13. 
100 
10 
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be achieved by contamination by a large volume of low ·degree partial melts of 
crustal rocks, which is ruled out by isotope data (Fig. 5. 7). Contamination by 
basic magma can be eliminated on the grounds that the concentrations of MgO 
and total Fe are very low (Table 5.3). 
The depleted Ba concentration can be explained by fractionation of a Ba 
bearing phase such as alkali feldspar (e.g. Anorthoclase). This fractionation must 
have occurred after contamination in order to selectively deplete Ba in the melt 
with respect to Rb, Th, and K. Pre-contamination fractionation is ruled out since 
a Barich phase would not be compatible with a basic magma and hence it would 
melt, incorporating the Ba in the liquid. 
Further contamination during fractionation and ascent of the acid magma 
could not be detected (unless the contaminant had a very different composition -
see discussion above) because the Dalradian rocks through which the granite rose 
have a very similar element abundance pattern (Fig. 5.14, data from Robertson 
& Henderson, 1984). Consequently a partial melt of Dalradian would also have a 
similar abundance pattern to the granite. The effect on the element composition 
of the granite if these two components were mixed would. be negligible. This 
rules out the use of the incompatible element diagram as a clear indicator of 
contamination of the granite magma by partial melts of Dalradian. 
The petrographic data (sectiou 5.2) indicates that during the last stages of 
crystallisation of the granite the liquidus phases were orthoclase, sodic plagio-
clase and quartz. This is consistent. with the trace element data which indicates 
fractionation of orthoclase and plagioclase, which both occur as phenocrysts. The 
evidence for apatite and Ti-oxide fractionation is contradictory. The incompatible 
element plot (Fig. 5.12) shows clear depletion of P and Ti indicating fractiona-
tion of phases bearing these elements. Ti may have been concentrated in a silicate 
phase (e.g. pyroxene) causing it to become depleted, although there is no petro-
graphic evidence of fractionation of a mafic silicate phase. P is only concentrated 
101 
Figure 5.14. Chondrite normalised incompatible element diagram for Dalradian 
rocks (data from Robertson & Henderson, 1984) which show a similar pattern to 
the coarse granite (Fig. 5.12.). 
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in apatite and consequently this phase might be expected to crystallise as a phe-
nocryst phase rather than a groundmass phase as recorded by the petrography. 
Both apatite and oxides are spatially associated with biotite, zircon .and allanite 
which crystallised as early groundmass phases. There. is no evidence of fraction-
ation of biotite (Rb is undepleted) or allanite (La and Ce are also undepleted) 
and Zr is only slightly depleted indicating limited fractionation of zircon. This 
anomaly could be explained by rapid separation of these minor phases from the 
melt before they could become enclosed in growing phenocrysts. An example of 
this process occurring, to produce layering in the Mourne G1 granite, has been 
described by Meighan (1979). 
It is clear from the incompatible element plot (Fig. 5.12) that certain trace 
elements show a wider variation in concentration than others. Those elements 
showing the widest variations correspond to those which. are being fractionated 
by the precipitation and removal orthoclase, plagioclase, apatite, Ti-oxide and 
to -a certain extent zircon, (i.e. Ba, Sr, P, Ti and Zr). The remaining elements 
which are incompatible in these phases show very little variation in concentration. 
This lack of variation, together with the field evidence and isotope data provides 
strong grounds for concluding that the northern granite fractionated from the 
same basaltic source. If this is correct the observed variation in Ba, Sr, P, Ti and 
Zr represent variations produced by fractionation of a single body of magma. 
Ba and Sr show the widest variation in composition. The concentrations of 
these elements in the 153 samples selected as representative of the groups from 
which they were collected were plotted at their localities on a base map of the 
pluton. These maps of trace element distribution were contoured (by hand) to 
reveal any spatial (both vertical and horizontal) variation in Ba and Sr concen-
tration. The contouring indicated many local (occasionally extreme) variations 
in composition across the pluton, but clearly indicated the broad distributions 
shown in Fig. 5.15 and Fig. 5.16. 
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Figure 5.15. Map showing the spatial variation in concentration of Ba in the 
coarse granite. The boundaries separating the region of high and low concentra-
tioHs of Ba correspo11d closely to the textural divisions (Fig. 5.3) and with those 
separating regions of differing Sr concentration (Fig. 5.16). 
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Figure 5.16. Map showing the spatial variation in concentration of Sr in the 
. 
coarse granite. The boundaries separating the region of high and low concentra-
tions of Sr correspond closely to the textural divisions (Fig. 5.3) and with those 
separating regions of differing Ba concentration (Fig. 5.15 ). 
z 
0 
I-
:::::> 
m 
-a: 
I-
C/) 
-0 
~ 
C/) 
E E 
c. c. 
c. c. 
0 0 
(I') (I') 
DO 
J . co ,... . lO 
. 
C') 
·-LL. 
Comparison of the element distribution plots and the distribution of the three 
petrographic types (Fig. 5.3) shows that the boundaries between composition-
ally distinct granites correspond with the boundaries between texturally distinct 
granites. Ba, which showed the broadest range in composition from 0 to 1400 
ppm, revealed the clearest distribution pattern. The 600 ppm contour dividing 
the three groups is not arbitary. It lies along a sharp discontinuity between the 
low Ba bearing rocks in the SE of the intrusion and the high Ba rocks which 
occupy most of the body. The division between the high Ba rocks and the low 
Ba rocks at the centre of the pluton is less clear as there appears to be a gradual 
decrease in Ba concentration toward the core of the intrusion. It is recognised 
that these patterns are strongly dependent upon sample distribution, which al-
though planned on an orthogonal grid (see appendix), was largely controlled by 
available outcrop. However the variations are assumed to be real because the 
divisions between rocks with different trace element compositions and petrogaphy 
are internally consistent, although each of the three groups contain rocks which 
could equally be assigned to either of the other groups on the grounds of chemical 
composition. This is illustrated by inter-element plots, described below. 
On the basis of textural variation the 153 samples were divided into their 
respective groups and the range and average major and trace element composition 
of each group was determined (Table 5.5 ). It has been argued above that while 
the coarse granite can be divided into 3 groups on the basis of textural variation 
it represents a- s'ingle body of magma. This is also indicated by Table 5.5. Apart 
from those elements showing variations due to fractionation the composition of 
each of the three petrographic groups is approximately the same. 
The average composition of the three groups were plotted on a chondrite 
normalised incompatible element diagram (Fig. 5_.17). Using this diagram it 
was possible to exclude crustal contamination as the cause of the compositional 
variations in selected elements between the three groups. The diagram shows 
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TABLE 5.5 
Average and range of major and trace element compositions for 
the three groups of the Northern Arran Coarse Granite. 
Group 1 Group 2 Group 3 
Element Average Range Average Range Average Range 
Si02 77.63 76.13 - 78.98 76.59 70.69- 80.47 77.84 76.38 - 79.69 
Ti02 0.09 0.05 - 0.15 0.13 0.06- 0.50 0.08 0.06- 0.15 
Ah03 12.35 11.65- 13.00 12.75 11.29- 14.23 12.31 11.21 - 13.24 
Fe203 1.21 0.83- 2.04 1.57 0. 77 - 4.61 1.09 0.83- 1.84 
MgO 0.04 0.00- 0.08 0.05 0.00- 0.17 0.03 0.02- 0.06 
CaO 0.33 0.12 - 0.59 0.48 0.12 - 1.73 0.29 0.10- 0.65 
Na20 3.37 3.09- 3.79 3.38 2.89- 4.28 3.35 2.84- 4.03 
K20 4.94 4.33- 5.20 5.00 0.51.- 5.84 4.97 4.65- 5.55 
Mn02 0.03 0.02- 0.04 0.03 0.01 - 0.10 0.02 0.02- 0.04 
P20s 0.01 0.00- 0.04 0.03 0.01- 0.11 0.01 0.00- 0.03 
Ba 470 276 - 874 954 528- 1365 350 0- 959 
Nb 31 27- 42 30 0- 58 31 25- 45 
Zr 128 76- 228 180 8- 635 112 84- 175 
y 67 39- 106 70 4. - 153 66 36- 143 
· Sr 26 18 -41 46 28- 64 20 4 -44 
Rb 185 147 - 213 166 136- 231 184 157- 240 
Zn 44 24- 113 48 23 -165 36 27- 48 
Cu 12 10- 17 12 0 -16 12 10- 14 
Ni 5 3-8 5 1-9 5 0- 7 
Ph 27 24 -33 26 22- 53 27 23- 33 
u 3 1 - 4 2 1 - 4 2 0-4 
Th 20 13- 24 18 0- 29 21 14- 27 
v 4 0- 7 7 0 -24 4 0- 9 
Cr 9 5- 16 10 5- 40 9 0- 20 
Nd 51 25- 75 52 18 - 151 44 15 - 80. 
La 38 21- 56 46 15- 137. 36 13 -73 
Ce 84 42 -125 . 93 0- 274 77 42- 110 
K/Rb 228 180- 273 251 29- 308 227 166- 264 
Total Fe given as Fe20 3 • Major oxides a.'! wt %, trace elements in ppm. 153 samples. ( 31 
Group 1; 123 Group 2; 30 Group 3.) 
Figure 5.17. Chondrite nonnalised incompatible element plot showing the aYer-
age concentrations of selected trace elements for the three petrographically defined 
groups within the coarse granite. Group 1 diamonds, Group 2 crosses, Group 3 
circles. 
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that Ba is depleted as Rb increases in the three groups. Incompatible element 
diagrams for the Dalradian indicate that significant contamination would produce 
an increase in both Ba and Rb. Ba would increase more rapidly than Rb with 
increasing comtamination because the Dalradian bas a high Ba/Rb ratio (:::::: G.O) 
than the average for the coarse granite (~ 3.5). Similarly contamination would 
cause an increase in K/Rb, while fractionation would produce a fall, as is observed. 
HeliCe it is concluded that the textural and chemical variations in the coarse 
granite are the result of fractionation of a single magma body. 
It is clear that the major element chemistry of the magma controlled the 
assemblage of fractionating phases. AI, Ca, Na and K all fall with increasing 
silica (Figs. 5.8 to 5.11 ). This is consistent with crystallisation and removal of 
orthoclase and plagioclase feldspar. The rocks of groups 1 and 3 are depleted in 
AI and Ca. with respect to rocks of group 2, but generally have higher K. This 
is consistent with the higher modal plagioclase recorded in the group 2 rocks. 
N a does not show a clear distribution between the three groups. This must be 
due to solid solution of this element in orthoclase feldspar (which is confirmed 
by their cryptoperthitic texture, section 5.2). Hence it appears that the group 2 
rocks are the least fractionated. Plagioclase appears, on the basis. of this chem-
ical data, to have been the dominant liquidus phase early in the crystallisation 
sequence followed by orthoclase. This is consistent with theoretical fractionation 
paths for granitic magmas (Fig. 5.18). The isotope data indicates the granite 
magma evolved from its basaltic parent by fractionation of an Sr bearing phase 
(probably plagioclase). Plagioclase would have remained on the liquidus following 
fractionation to be joined by orthoclase and subsequently quartz as the magma 
~ih.. 
became saturated in these phases. With reference to the system qnafh -albite 
- orthoclase (Tuttle & Bowen, 1958; Fig. 5.18}, plagioclase could be precipitated 
from the melt until the melt composition reached the boundary curve between 
the plagioclase solid solution plus liquid field a.nd the orthoclase plus liquid field. 
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Figure 5.18. Fractional crystallisation of a liquid of initial composition L. Initial 
fractionation of plagioclase causes the liquid composition to evolve to composition 
A where it meets the boundary curve between the plagioclase solid solution plus 
liquid and the orthoclase solid solution plus liquid fields. Between A and B the 
liquid precipitates plagioclase and increasing amounts of orthoclase. Between B 
and C plagioclase is resorbed and sadie orthoclase is precipitated. Between C and 
D a single feldspar is precipitated (after Tuttle & Bowen, 1958). 
An 
From this point orthoclase would begin to crystallise in increasing proportions 
with plagioclase. As crystallisation progressed the percentage of orthoclase pre-
cipitating from the melt would eventually exceed that of plagioclase. Had the 
orthoclase component crossed the intersection of the boundary curve at the limit 
of solid solution plagioclase would have been resorbed. This process has has not 
been verified for the coarse granite since no microprobe analyses of co-existing 
feldspars ~r determination of their relative proportions were carried out as part 
of this study. There is no evidence of resorption of plagioclase. 
Plots of Ba., Sr and H.b against Si02 show a number of important features 
(Figs. 5.19, 5.20 & 5.21). Although the division between the three groups of 
rocks was made on petrographic grounds the range of variation in Ba. and Sr for 
each of the three groups indicates that the contours at 600 ppm Ba and 30 ppm 
Sr were appropriate foi· subdividing the groups on the geochemical variation maps 
(Figs. 5.15 & 5.16). The bulk of the group 2 rocks contain concentrations of Ba. in 
excess of 600 ppm and Sr concentrations in excess of 30 ppm and the group 1 and 
3 rocks have concentrations lower than these values. There is, as noted earlier, 
some internal variation within the groups which cross this subdivision, but the 
overall classification of the groups remains consistent. 
Those rocks strongly depleted in both Ba and Sr (which belong to group 3) 
also show a depletion in SiOz of the .order of 5% with respect to the projected 
evolution of the granite. This is interpreted as the result of quartz becoming the 
dominant fractionating phase in the group 3 rocks. This would be consistent with 
fractionation by gravitational settling since in evolved melts quartz (s.g. 2.65) 
may have a slightly higher specific. gravity (s.g.) than the feldspars (s.g. 2.56-
2.63) and hence would sink faster. (Data. from Deer et al., 1966). The J;lot. of 
H.b against SiOz (Fig. 5.21) indicates that Rb does not increase with increasing 
Si02, as might be expected when plotting two incompatible elements against each 
other. This implies that SiOz is not strictly incompatible in the coarse granite. 
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Figure 5.19. Ba (ppm) plotted against Si02 (wt %) for the 153 samples repre-
sentative of the three groups of the coarse granite. (Diamonds -group 1; crosses 
- group 2; circles - group 3.) 
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Quartz occurs as a phenocryst phase in addition to orthoclase and plagioclase. 
This indicates that the northern granite evolved to a minimum melting point com-
position, which is consistent with a progression of the experimental crystallisation 
sequence described above. The quartz depleted rocks are known to be strongly 
· evolved because they have the highest Rb concentrations on plots of Ba and Sr 
against Rb (Figs. 5.22 & 5.23). Rb behaves as an incompatible element in the 
northern granite as it is not compatible in any of the crystallising phases, with 
the exception of biotite which only occurs in minor .amounts. 
Meighan et al. (1984) used a plot of Ti02, depleted in the coarse granite by 
some fractionation of Ti-oxide, against K/Rb, which falls with inceasing fraction-
ation due to relative concentration of incompatible Rb in the melt, to distinguish 
between subtypes of the Mourne G4 and G5 granites. When the Arran data are 
plotted on this diagram (Fig. 5.24) there is an overlap between the three groups 
due to the restricted range in Ti02 composition. Groups 1 and 3 can be separated 
from 2 at a K/Rb ratio of 225, although there is a great deal of overlap which is 
ascribed to the extremely evolved nature of the rocks. 
The distribution of the three groups of rocks within the pluton indicates that 
'evolved' group 1 rocks lie on the outside of the less evolved group 2 rocks which 
enclose the most evolved group 3 rocks {Figs. 5.15 & 5.16). Well documented 
examples of horizontally zoned plutons e.g. Tuolumne Intrusive series (Bateman 
& Chappell, 1979) and Santa Rosa (Peru) (Atherton, 1981) clearly show 'normal' 
zoning from least evolved to most evolved compositions from the edge of the pluton 
to their cores. Such patterns can be attributed to fractionation of the original 
magma body. Where sharp discontinuities occur they have been attributed to 
bouyant upward movement of evolved, less dense, more felsic magma through the 
solidifying walls of the chamber. This commonly results in deformation of the 
crystallising chamber walls which produces a penetrative fabric similar to those 
seen in gneissic rocks. It is clear that the northern granite is not normally zoned. 
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Figure 5.22. Ba (ppm) plotted against Rb (ppm) for the 153 samples represen-
tative of the three groups of the coarse granite. (Diamonds - group 1; crosses -
group 2; circles - group 3.) 
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Bateman & Chappell (1979) argued that the zonation of the Tuolumne intru-
sive series resulted from either crystal settling or marginal accretion of crystals. 
They noted that if crystal settling was the only differentiation process operating 
the different components of the series (which are intrusive into each other and 
hence· represent bouyant liquid) would have the same composition as the liquid 
from which they solidified. Hence the composition of the marginal granites would 
represent the composition of the undifferentiated magma as it was intruded, and 
the granite closer to the core would represent the composition of the evolving 
liquid. If selective marginal accretion of crystals occurred (with or without some 
crystal settling) none of the granites within the pluton would be a good repre-
sentative of the composition of the magma from which they solidified, with the 
exception of those close to the core. However the average composition of the 
pluton would represent the bulk composition of the magma before the sequence 
began to solidify. Both these processes assume that there was no further input of 
magma into the pluton during crystallisation, which may occur (Hill et al., 1985). 
Fractional crystallisation of granitic magmas is considered to be inhibited 
by the physical properties of the magma (Shaw, 1965). There is little or no 
density contrast between alkali feldspar and quartz and the melt from which they 
precipitate, to promote gravitational settling. Recorded examples of layering in 
granites suggest it is the mafic phases (biotite, allanite, magnetite and sphene) 
and plagioclase (An30 ) megacrysts which separate from the liquid (Emeleus, 1963; 
Meighan, 1979). The higher viscosity of acid magmas may also prevent effective 
separation of crystals from the melt. 
The process of marginal accretion of crystals is generally referred to as sidewall 
crystallisation. Recent work based on experimental investigations of the fluid dy-
namics of crystallising magma chambers (Sparks et al., 1984; Baker & McBirney, 
1985; Turner & Campbell, 1986) indicated that this process could produce ex-
tremely fractionated liquids. Crystallisation on the margins of a magma chamber 
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would leave the adjacent liquid (or boundary layer) extremely depleted in those 
elements extracted to form the crystals. Laboratory experiments (McBirney et al., 
1985) indicate that these evolved liquids may rise, due to chemical and/or thermal 
induced bouyancy toward the roof of the chamber where they may accumulate to 
form a vertically zoned intrusion. Spera et al. (1984) discussed this process in 
theoretical terms and concluded that while it may operate in basic magma cham-
bers where chemical gradients due to sidewall crystallisation may be high, it is 
unlikely to occur in magma. chambers containing highly evolved acidic melts since 
chemical gradients produced by fractionation would not be capable of producing 
the necessary density contrast for the fluid to migrate without the boundary layer 
breaking down. In rapidly convecting intrusions latent heat released during crys-
tallisation would be convected away from the wall rocks and hence the stability of 
the boundary layer would depend on the presence of a strong chemical gradient. 
It seems that vertical layering in acid plutons is unlikely to be caused by transfer 
of evolved liquids along the walls of the magma chamber. Instead the evolved 
melt would be incorporated into the liquid reservoir at the core of the pluton. If 
the mixing process is complete, the effect of the evolved additions to the reservoir 
will be to deplete it in the elements concentrated in the crystals growing at the 
walls. 
Brandeis & Jaupart (1986) argued that crystallisation would occur predomi-
nantly along the walls of silicic magma chambers. The high viscosity of the evolved 
liquid would mean that the time scales for nucleation and growth of crystals along 
the walls of the magma chamber would be short compared with the time required 
to erode the boundary layer by either upward flow or convection. This implies 
that substantial fractions of evolved inelt could be trapped in the crystal mush 
developing at the chamber walls. 
The nucleation of crystals at the sidewalls (sides, roof or floor) of a pluton 
would be controlled by heat loss through the walls which would result in super-
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saturation of the melt. Crystals attached to the wall of the intrusion would grow 
initially as phenocrysts until they coalesced. Solidification beyond the point of co-
alescence would involve solidification of an interstitial groundmass. Experimental 
work by Winkler & Schultes (1982) indicates that phenocryst growth will continue 
until the rock is 70% crystallised. If crystallisation occurred rapidly the crystals 
would not equilibrate with the magma and hence they would become zoned. 
Fractional crystallisation by complete separation of the precipitating crystals 
from the liquid appears to be inhibited in acidic melts, and the trapping of inter-
sertal melt between phenocrysts during sidewall crystallisation indicates that the 
two possible differentiation processes involved in the formation of zoned plutons 
involve the crystallisation of crystal-liquid mushes. Consequently it may be that 
no true 'liquid line of descent' (Cox et al., 1979) can be constructed for plutonic 
granitic rocks. The high concentration of zoned phenocrysts (up to 80% in rocks 
of group 2) and limited development of a groundmass within the Northern Arran 
coarse granite indicates that the intrusion probably crystallised from a crystal-
liquid mush following or produced during crystal-liquid differentiation. 
McCarthy & Hasty (1976) produced a theoretical model for the chemical vari-
ation in granitic rocks solidifying from a crystal-liquid mush with variable amounts 
of crystal liquid separation. These authors based their model on batch equilib-
rium crystallisation which has as its end members equilibrium crystallisation (no 
separation of crystals which remai1f in equilibrium with the melt) and fractional 
crystallisation (complete separation of crystals which do not remain in equilibrium 
with the melt) The variation of the liquid composition Cl during batch equilibrium 
crystallisation is given by the equation: 
cl , 1 
c
1
(: = E~ (h(Di- 1) + 1) 5.1 
and the solid component cs is given by the equation: 
c-~ 11 1 
C':: = Dn n. ( f ( D · - 1) + 1 ) 
1=1 t ' 
5.2 
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where 
C0 Initial liquid composition 
D Bulk distribution coefficient 
I Fraction of solid crystallised in equilibriun with the liquid 
n Increment of crystallisation 
In the case of equilibrium crystallisation I is equal to 1 and hence all the solid 
crystallises in equilibrium with the liquid. Perfect fractional crystallisation occurs 
when I tends toward zero so that the solid is separated from the liquid immediately 
on crystallisation. Crystallisation of different proportions of solid in equilibrium 
with the liquid followed by separation of the crystals and liquid can be modelled by 
varying I between 0 and 1. Using these equations it is possible to plot the evolving 
compositions of liquids and solids produced by different values of I and for solids 
with varying proportions of interstitial melt (Fig. 5.25). The shape of the curves 
produced depends upon the chosen value of I and the respective D values for the 
compatible and incompatible elements plotted, and are independant of the initial 
melt composition which only constrains the starting point of the curves on the 
graph. A change in the liquidus assemblage or proportions of the crystals on the 
liquidus can be accommodated by changing the D value as appropriate. 
A set of curves for Ba vs Rb and Sr vs Rb were plotted for the coarse granite 
using the distribution coefficients given in Table 5.4 and the pha.Se proportions 
indicated by the petrography (Table 5.1). Since the proportions of quartz, alkali 
feldspar and plagioclase remain approximately the same for each group during 
crystallisation D was kept constant. Experimental data on element partitioning 
between basic and acid liquids, (Watson, 1976), indicate that the distribution 
coefficients Kns for Ba and Sr should increase in evolved (more acidic) melts as 
a result of increased polymerisation of the melt. Best fit curves were obtained 
using the maximum values of Kgb given in Henderson (1982). Lower values of 
Kgb produce shallower curves since the evolving liquid is depleted less rapidly 
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Figure 5.25a. Calculated compositional ranges for Ba vs Rb produced by frac-
tional crystallisation of the coarse granite. Curve A-A' is the compositional trend 
for the precipitated solid. Curves B-B', C-C', D-D', E-E' and F-F' are for a 
magma composed of solid with 10, 20, 30, 40 and 50% interstitial evolved liquid. 
Compositions at intervals of 10% crystallisation of the original liquid (crosses) are 
shown on each curve. 
Figure 5.25b. Calculated compositional ranges for Sr vs Rb produced by frac-
tional crystallisation of the coarse granite. Curve A-A' is the compositional trend 
for the precipitated solid. Curves B-B', C-C', D-D', E-E' and F-F' are for a 
magma composed of solid with 10, 20, 30, 40 and 50% interstitial evolved liquid. 
Compositions at intervals of 10% crystallisation of the original liquid (crosses) are 
shown on each curve. 
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by crystallisation. This would be offset by an increase in Kga and Kbr which 
would produce a steeper curve due to an increased rate of depletion of the liquid. 
In this case the conclusions of Watson (1976) have little effect in the plots used 
here to model the fractionation of the coarse granite, al~ough it is recognised 
that Watson's (1976) results may explain the apparent depletion of Ba and Sr in 
samples of group 3. It was found that while these curves gave an approximate fit 
to the observed data for the coarse granite (Figs. 5.26 & 5.27) the petrographic 
characteristics for the three groups inferred by the modelling were not consistent 
with the petrographic data or the distribution of the three groups within the 
pluton. 
The best fit curves for the modelled solid composition of the granite (and solid 
with 0-40% interstitial liquid) were produced using /=0.001) which approximates 
to fractional crystallisation with only minimal equilibrium between solid and liquid 
before separation. Higher values of f yielded curve~ with shallower slopes. The 
value of D also had to be increased to model the steep trend of the observed data. 
These curves indicated that the group 2 rocks were the least evolved and that 
groups 1 and 3 crystallised from a differentiated liquid produced by crystallisation 
of group l. They also indicate that the group 2 rocks would contain a higher 
proportion of interstitial liquid than groups 1 and 3 (Fig. 5.25 ). 
Petrographic data (section 5.2) indicates that the group 2 rocks contain the 
highest proportion of phenocrysts. Where group 2 rocks are chilled against the 
wall rocks they contain up to 40% phenocrysts, Rocks of group 1 contain up to 
8% phenocrysts. The crystallisation sequence indicated by the distribution of the 
three groups is apparently group 1 and group 2 followed by group 3, assuming 
that the pluton crysta.!lised from its outer margins toward its core by losing heat 
to its wall rocks. Crystallisation of group 1 rocks from a liquid depleted by the 
crystallisation of group 2 rocks would require the latter to be surrounded by liquid 
which seems unlikely for a magma losing heat through its outer margins. If the 
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Figure 5.26. Ba (ppm) plotted against Rb (ppm) for the 153 samples represen-
tative of the three groups of the coarse granite, (Diamonds -group 1; crosses-
group 2; circles - group 3.) showing the best fit line for fractional crystallisation 
from Fig. 5.25a. 
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Figure 5.27. Sr (ppm) plotted against Rb (ppm) for the 153 samples represen-
tative of the three groups of the coarse granite, (Diamonds - group 1; crosses -
group 2; circles - group 3.) showing the best fit line for fractional crystallisation 
from Fig .. 5.2.5b. 
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group 1 rocks were liquids Fig. 5.25 predicts that their Rb content should be much 
higher. On this basis .it would appear that the variations in trace element com-
position in the coarse granite cannot be explained by simple crystal fractionation 
as the dominant differentiation mechanism. 
Sidewall crystallisation was modelled by assuming a spherical body of magma 
(minimum surface area to volume ratio) and a boundary layer 10 m thick. A 
spherical body was chosen as the best approximation to the shape of the coarse 
granite, as deduced from structural data (Chapter 4). The actual thickness of the 
boundary layer in the Arran granite is not known. This would depend upon the 
rate of heat loss through the wall and the chemical and thermal diffusivities of 
the depleted liquid (Spera. et al, 1984 ). A minimum surface area to volume ratio 
for the pluton was also used to minimise the effects of inaccurate assumptions 
about the physical properties of the boundary layer. Evolution of the boundary 
layer was modelled assuming 50% and 30% equilibrium crystallisation to produce 
a layer of evolved liquid. It was assumed that some of the evolved liquid remained 
trapped between growing phenocrysts during remixing of the evolved liquid with 
the undifferentiated reservoir at the core of the pluton. The volume of trapped 
liquid was set at 30% of the crystal liquid mush formed at the wall of the intrusion. 
This value is consistent with the 70:30 solid to liquid ratio observed experimentally 
for the cessation of phenocryst growth (Winkler & Schultes, 1984), and the point 
at which the mush would attain the rheological properties of a solid (Arzi, 1978). 
In reality variations in porosity may result in volumes of liquid > 30% of the mush 
being trapped. 
If fractional crystallisation had been used in the modelling, rather than equi-
librium crystallisation, this would have implied immediate separation of crystals 
from the liquid from which they crystallised. This is unrealistic if a boundary layer 
is to evolve and is not consistent with the theoretical conclusions of Brandeis & 
Jaupart (1986). Fractional crystallisation would also cause extreme depletion of 
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the liquid in the boundary layer. This would have a number of effects. Firstly 
all crystals growing on the wall would be zoned. In the case of the coarse granite 
not all the phenocrysts show zoning, although some do. There is no evidence of 
subsolidus recrystallistion which might have obliterated the zoning, hence petro-
graphic evidence is not consistent with fractional crystallisation, but is compatible 
with equilibrium crystallisation and trapping of phenocrysts derived from the liq-
uid reservoir at the core of the pluton. which is discused below. Secondly when 
the extremely differentiated liquid is remixed with the reservoir at the core of the 
pluton the reservoir will also be depleted more rapidly than if equilibrium crys-
tallisation was operating. This would result in steeper chemical gradients across 
the pluton than would result from equilibrium crystallisation. Equilibrium crys-
tallisation does not produce extremely differentiated liquids. (e.g. 50% and 30% 
fractional crystallisation of solids with bulk a distribution coefficient of 3. 79 from a 
liquid with an initial composition of 650 ppm, with httlli: 8:ist:Pihttti8M 8f 33Q yields 
(/liquids with compositions of 93 and 240 ppm respectively. Equilibrium crys-
tallisation of the same proportions of the same solid from the same liquid yields a 
liquid with 271 and 353 ppm.) Such strongly evolved liquids as those produced by 
fractional crystallisation are not recorded in the sample of rocks collected from the 
coarse granite. Initially the distribution coefficients used for modelling fractional 
crystallisation were used for modelling sidewall crystallisation. These proved: ~o 
produce too shallow a curve which was a poor fit to the observed data. A good 
fit was obtained by increasing K~h to 0.8. Variations in D due to polymerisation 
(Watson, 1976) may not be effective during sidewall crystallisation except during 
the last increment of crystallisation since the reservoir does not become strongly 
fractionated until approximately 95% of the pluton has crystallised. 
Sidewall crystallisation of the coarse granite was modelled using the conclu-
sion of Bateman & Chappell (1979) that the average composition of the pluton 
would represent the initial melt composition for a pluton crystallising by marginal 
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accretion of crystals (with or without crystal settling). If 50% crystallisation of the 
· boundary layer is assumed it is not possible to model the complete range of com-
positions shown by the coarse granite (Figs. 5.28 & 5.29). However a reduction 
in crystallisation at the sidewall to 30% results in crystallisation of crystal-liquid 
mushes at the walls which have significantly higher Ba and Sr compositions, com-
parable with the range of compositions of group 2 rocks (Figs. 5.30 & 5.31 ). As 
with the models for fractional crystallisation the initial composition has no effect 
on the shape of the calculated evolution curves which are dependant upon the de-
gree of crystallisation in the boundary layer and the bulk distribution coefficients 
chosen for those elements whose variation is being modelled. 
Decreasing the degree of crystallisation in the boundary layer increases the 
concentration of compatible elements in the solid and decreases the concentration 
of incompatible elements ( cf Figs. 5.28 & 5.29 with 5.30 & 5.31 ). This results in 
more rapid depletion and enrichment of compatible and incompatible elements in 
the reservoir. Figures 5.32, .5.33 & 5.34 show calculated element variation profiles 
for a spherical pluton of 5 km radius. These show rapid depletion of the compatible 
elements (particularly Ba) and enrichment of Rb toward the centre of the pluton, 
which increases rapidly during crystallisation of the last 5% of the liquid. 
Comparison of these profiles (Figs. 5.32, 5.33 & 5.34) with Figs. 5.15 and 
5.16 shows an approximate correlation between the radius of the pluton and con-
centrations of Ba and Sr for the modelled and observed data along a cross section 
through group 2 and group 3 rocks. Figures 5.35 and 5.36 show the observed vari-
ation in Ba and Sr against distance from the centre of the pluton for 74 samples 
plotted against the modelled variation. These plots show there is considerable 
variation in composition at a given radius contrary to the calculated variation. 
This is partly the result of the irregular radius of the group 3 rocks, which may 
reflect different rates of cooling along different radii. The critical feature of these 
figures is that the bulk of the group 2 rocks plot above the 70% solid / 30% liquid 
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Figure 5.28. Ba (ppm) plotted against Rb (ppm) for the 153 samples represen-
tative of the three groups of the coarse granite. (Din.monds - group 1; crosses 
- group 2; circles - group 3.) The plot includes curves calculated for sidewall 
crystallisation involving .SO% equilibrium crystallisation of the boundary layer. 
The curves indicate (from left to right) 100/U solid crystallised from the bound-
ary layer; solid crystallised from the boundary layer with 30% interstitial evolved 
liquid; composition of the reservoir of liquid in the core of the pluton. 
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Figure 5.29. Sr (ppm) plotted against Rb (ppm) for the 153 samples represen-
tative of the three groups of the coarse granite. (Diamonds - group 1; crosses 
- group 2; circles - group 3.) The plot includes curves calculated for sidewall 
crystallisation involving 50% equilibrium crystallisation of the boundary layer. 
The curves indicate (from left to right) 100% solid crystallised from the bound-
ary layer; solid crystallised from the boundary layer with 30% interstitial evolved 
liquid; composition of the reservoir of liquid in the core ofthe pluton. 
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Figure 5.30. Ba (ppm) plotted against Rb (ppm) for the 153 samples represen-
tative of the three groups of the coarse granite. (Diamonds - group 1; crosses 
- group 2; circles - group 3.) The plot includes curves calculated for sidewall 
crystallisa.tion involving 30% equilibrium crystallisation of the boundary layer. 
The curves indicate (from left to right) 100% solid crystallised from the bound-
ary layer; solid crystallised from the boundary layer with 30% interstitial evolved 
liquid; composition of the reservoir of liquid in the core of the pluton." 
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Figure 5.31. Sr (ppm) plotted against Rb (ppm) for the 153 samples represen-
tative of the three groups of the coarse granite. (Diamonds - group 1; crosses 
- group 2; circles - group 3.) The plot includes curves calculated for sidewall 
crystallisation involving 30% equilibrium crystallisation of the boundary layer. 
The curves indicate (from left to right) 100% solid crystallised from the bound-
ary layer; solid crystallised from the boundary layer with 30% interstitial evolved 
liquid; composition of the reservoir of liquid in the core of the pluton. 
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Figure 5.32. Calculated variation of Ba with distance from the centre of the 
pluton during sidewall crystallisation. Curves indic<1.te (from top to bottom) 100% 
solid crystallised from the boundary layer; solid crystallised from the boundary 
layer with 30% interstitial evolved liquid; composition of the reservoir of liquid in 
the core of the pluton. 
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Figure 5.34. Calcubted variation of Rb with distance from the centre of the 
pluton during sidewall crystallisation. Curves indicate (from top to bottom) 100% 
solid crystallised from the boundary layer; solid crystallised from the boundary 
layer with 30% interstitial evolved liquid; composition of the reservoir of liquid in 
the core of the pluton. 
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Figure 5.35. A comparison of the observed variation in Ba with radius of the 
pluton (measured from the centre in m) and t.he calculated variation for sidewall 
crystallisation. 
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Figure 5.36. A comparison of the observed variation in Sr with radius of the 
pluton (measured from the centre in m) and the calculated variation for sidewall 
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curve for rocks forming by sidewall crystallisation, and the remainder plot above 
the curve for the reservoir compostion. Group 1 rocks plot just below the curve 
for the reservoir composition. Group 3 rocks show no clear trend. 
Since the group 1 rocks plot below the reservoir composition curve they can-
not be the products of sidewall crystallisation, which have higher compositions 
than the reservoir curve. On this basis it can be concluded that the group 2 rocks 
could be the products of sidewall crystallisation: Since there is no evidece that the 
group 1 rocks crystallised from a separ<;tte magma and fractional crystallisation 
and sidewall crystallisation can be eliminated from the formation of these rocks it 
is concluded that the group 1 rocks are the products of equilibrium crystallisation 
of the original magma. This is consistent with these rocks showing the narrowest 
range in composition in comparison to the other two groups. Equilibrium crys-
tallisation is also required to prevent the composition of the magma becoming so 
evolved that it could not have crystallised the range of group 2 rocks. If crys-
tallisation of the group 1 rocks had significantly modified the liquid composition 
assumptions about the initial magma composition may be slightly in error. How-
ever the average range of the coarse granite falls within the range of compositiOI,lS 
of the group 1 rocks ( cf Table 5.3 & Table 5.5). This conclusion is consistent 
with the distribution of the group 1 rocks along the margin of the granite. It also 
indicates that initial crystallisation of the coarse granite occurred by equilibrium 
crystallisation which was then followed by sidewall crystallisation. 
The evolution of the group 3 rocks is more difficult to interpret. Figures 5.35 
& 5.36 give little indication of their origin. Most of the observed data plot below 
the calculated solid evolution curve. Petrographic data (visual estimates) indicate 
the rocks have low phenocryst contents and are markedly different from the group 
2 rocks in this respect. On the basis of this evidence it is thought that they may 
also be the products of equilibrium crystallisation of the reservoir. 
As noted above the effects of polymerisation in evolved melts may increase 
lUi 
the distribution coefficients for Ba and Sr (Watson, 1976). This would result in 
Ba and Sr depletion of the evolving liquids. Many of the group 3 rocks show 
more pronounced Ba and Sr depletion, and can be distinguished on this basis 
from group 1 rocks. This is consistent with the crystallisation history described 
above. Group 1 rocks would crystallise from unevolved liquid but the group 3 
rocks would precipi.tate from liquids depleted by sidewall cPystallisation 
The spread in tlf~''observed data is thought to reflect different ratios of crystals 
to interstitial evolved liquid preserved in the rocks. Loss of this liquid (section 
5.5) would result in aiL increase in the compatible element concentration in the 
.,. ' 
r•>':. . 
rock and a fall in the· ii{cl?~;lpatible element concentration relative to the original 
composition. A simila~ effect would result from trapping variable quantities of 
interstitial liquid during crystallisation. Further variations in composition may 
result from the incorporation of phenocrysts resulting from crystallisation of the 
reservoir, into the wall during crystallisation. The sidewall crystallisation model 
assumed that crystallisation only occurs in the boundary layer. However it is likely 
that convection would ca~se cooling of the reservoir as heat is lost through the wall 
rocks. Crystals forming in equilibrium with the evolving liquid in the reservoir 
would have different compositions to those crystals precipitating in equilibrium 
with evolved liquid in the boundary layer. These crystals would eventually become 
trapped as 'xenocrysts' by the inward migrating boundary layer, causing variations 
in the bulk composition of the solid forming at the wall. Since these phenocrysts 
would not be in equilibrium with the melt within the boundary layer they may 
grow zoned margins. The presence of such crystals is implied by the occurrence of 
zoned phenocrysts, which presumably grew during ascent of the granite (section 
5.4), in the chilled marginal rocks ofthe coarse granite. It may be possible to 
verify this process by detailed microprobe studies of the variations in feldspar 
composition within the three groups and within individual rocks. 
Prior to analysis of the trace element variations in the coarse gran!ite 38 sam-
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ples were removed from the original collection on the grounds that they were 
uncharacteristic of the groups in which they outcropped. The majority of these 
rocks were fine grained and similar in appearance to many of the aplites, but 
differed from the latter in that they have gradational contacts with nohnal coarse 
granite. These rocks were notably finer grained than the normal coarse granite 
in which they occurred, and were interpreted as having crystallised rapidly from 
liquids coexisting with phenocryst rich magma. The majority of these rocks were 
collected from group 2. 
When these samples are plotted on inter-element diagrams (Figs. 5.37 & 5.38) 
it is clear that the range of composition of the group 2 rocks is extended into that 
of groups 1 and 3 and vice versa. The compositions of the rocks remain consistent 
with the sidewall crystallisation model, but on the basis of the petrographic data 
which indicates they are liquids their compositions are not compatible with an 
origin by fractional crystallisation, which would require them to have much higher 
concentrations of Rb. The general spread of the data make interpretation of -these 
rocks difficult but because of their similarity in composition with the group 1 and 
group 3 rocks it is thought that they represent fractions of reservoir liquid, trapped 
by the inward migrating crystallisation front. They do not show any systematic 
variation in composition with distance from the centre of the pluton but this may 
be masked by low concentrations of phenocrysts forcing up the compatible element 
composition of the rocks. 
In summary, this section has discussed the variations in the major and trace 
element geochemistry of the outer coarse granite and their possible causes and 
implications for the evolution of the granite. The granite crystallised from an 
extremely evolved (Si02) enriched peraluminous magma with a restricted range 
of major element composition. Parabolic evolution curves on inter-element plots 
indicate that variations in chemistry are controlled by crystal fractionation pro-
cesses rather than magma mixing. Depletion of Ba, Sr, P, Zr and Ti on chondrite 
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Figure 5.37. Ba (ppm) plotted against Rb (ppm) for all the samples collected 
from the coarse granite including the fine grained rocks considered uncharacteristic 
of the groups in which they were collected. The evolution curves for sidewall 
crystallisation are also shown for comparison with Fig. 5.28. 
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Figure 5.38. Sr (ppm) plotted against Rb (ppm) for all the samples collected 
from the coarse granite including the fine grained rocks considered uncharacteristic 
of the groups in which they were collected. The evolution curves for sidewall 
crystallisation are also shown for comparison with Fig. 5.29. 
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normalised incompatible element diagrams indicate that the magma evolved from 
its basic parent by fractionation of orthoclase, plagioclase, apatite, zircon and Ti-
oxide or pyroxene. Peaks at Rb, Th and K are consistent with contamination of 
the basaltic parent of the granitic magma by acid partial melts of crustal rocks. 
The depletion of Ba indicates that fractionation followed contamination. Modifi-
cation of the trace element composition of the granite by partial melts of Dalradian 
cannot be completely ruled out on the basis of trace element data because of a 
similarity in the trace element compositions of the two rock types. 
Ba, Sr, P and Ti show a wide range of variation. Other elements show only 
restricted variations in composition. This is consistent with fractionation of or-
thoclase, plagioclase, apatite and Ti-oxide during ascent and final crystallisation 
of the granite. Fractionation of orthoclase and plagioclase is consistent with the 
petrography which indicates these phases occur as phenocrysts. 
Spatial variation in Ba and Sr concentration across the pluton closely matches 
the petrographic variations on which the granite can be subdivided into three 
groups. The group 2 rocks are the least fractionated. They contain high concen-
trations of Ba and Sr and have high K/Rb ratios. Group 3 -rocks are the most 
evolved, having low Ba, Sr and low K/Rb. Depletion of Si02 in evolved rocks 
of group 3 indicates quartz fractionation occurred. This is consistent with the 
petrography with indicates precipitation of the cotectic assemblage orthoclase -
plagioclase - quartz, which dominates major and trace element variations during 
crystallisation of the pluton. 
Trace element variation in the coarse granite was modelled for fractional crys-
tallisation and sidewall crystallisation. The theoretical models showed that side-
wall crystallisation could account for the observed variation in element composi-
tion caused by differentiation of the magma, and the observed spatial variations 
in composition. Models for fractional crystallisation were not compatible with the 
observed spatial and lateral variations in composition. 
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It is concluded that the granite crystallised in-situ from a single, crystal bear-
ing granitic magma evolved by fractional crystallisation of a contaminated basaltic 
parent. Initial equilibrium crystallisation producing the marginal group 1 rocks 
· was followed by formation of the group 2 rocks by sidewall crystallisation. Crys-
tallisation of the group 3 rocks appears to have involved equilibrium crystalliastion 
of the reservoir of evolved liquid produced by sidewall crystallisation. 
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5.4 Depth of Crystallisation. 
Isotope data discussed in section 5.3.1 indicated that the granitic magma 
accumulated at a depth of~ 11 km (~ 3.5 kbar pressure). It has clearly risen 
+~~o~tuJ. 
:, -'the surface before fully crystallising. However as the magma rose toward the 
surface it would have cooled, primarily by losing heat to progressively cooler 
country rocks. This cooling process would have reduced the temperature of the 
magma, leading to the crystallisation of plagioclase and orthoclase feldspar as 
described in section 5.3.2. If cooling occurred throughout the ascent of the magma 
the resulting mineralogy of the granite may reflect crystallisation over a range of 
falling temperatures and pressures. This section examines this process. 
Tuttle & Bowen (1958) carried out a series of experiments on the melting 
behavior of the system NaAlSiaOs- KAlSiaOs- Si02- H20 which is analogous 
to the composition of granite. These workers determined the variation in water 
saturation of granitic melts over a range of pressures and temperatures. As noted 
from petrographic data the coarse granite is drusiform in places suggesting that 
the magma was just beginning to exsol ve water at its depth of emplacement, (i.e. it 
wcas just oversaturated at 2 to 3 km depth). At the inferred depth of emplacement 
(3 km -Chapter 2) or a pressure of 1 kbar, acid melts will absorb up to 4% water. 
Hence the petrographic data indicates that the coarse granite contained up to 
4% water at its depth of emplacement. The origin of this water is unclear. It 
may be primary magmatic (i.e. derived from its basaltic parent) or inherited in 
assimilated partial melts (section 5.3.1 ). The water content of the magma may 
have been increased slightly during its ascent through increased contamination 
by wet country rocks or by crystallisation. However tllis clearly indicates that 
the granitic magma would have had a water content of less than or equal to 
4% at the depth at which it accumulated (11 km). At this depth the granitic 
magma would have had a liquidus temperature of between 900 and 1000°C (Fig. 
5.39), after Wyllie et al. (1976), assuming it had evolved to the minimum melting 
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point. Had it not, the temperature of the magma may have been much higher. 
The liquidus temperature and the crystallisation interval would have decreased 
during the ascent of the magma (i.e. with falling pressure and water content; Fig. 
5.39). Hence the mineral phases in the coarse granite could be expected to have 
crystallised over a range of falling temperature and pressure. 
CIPW norms for the samples of the coarse granite were calculated and norma-
tive quartz - albite - orthoclase were plotted on a ternary diagram, together with 
the position of the minimum melting point in this system and the position of the 
boundary curve between the quartz plus liquid and feldspar plus liquid fields for 
a range of pressures (Fig. 5.40). This indicated that the coarse granite represents 
a minimum melt composition which crystallised at between 1 and 0.5 kbar pH20. 
This is consistent with the estimated overburden thickness for the intrusion of 3 
k~;. (Chapter 2) assuming pH20 equals ptotal. The minimum melting tempera-
ture for this pressure range is between 700° and 750°0 (Fig. 5.'3CJ). This clearly 
indicates the bulk of the coarse granite crystallised over a range of temperatures 
and pressures. 
The petrographic data show the rocks are dominantly composed of phenocrysts 
of orthoclase ( cryptoperthitic texture indicates the presence of Na solid solution), 
oligoclase and quartz. Such crystallisation behavior is usually associated with 
sub-solidus two feldspar granites. The experimental work of Tuttle & Bowen 
.. 
(1958) showed that such granites only crystallised at pressures above ~4 kbar 
pH20. Below this pressure the granite solidus lies above the feldspar solvus and 
a single feldspar is crystallised from liquids with compositions approaching that 
of the minimum melt. This group of granites are referred to as hypersolvus gran-
ites. Since the coarse granite evolved at a depth of approximately 11 km (3.5 kbar 
pH20) its mineralogy ought to be representative of a hypersolvus (1 feldspar) gran-
ite. Experimental work on the phase relations of hypersolvus granites (Tuttle & 
Bowen, 1958) indicates that early crystallisation of 2 feldspars would be followed 
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Figure 5.39 Figure illustrating the variation in liquidus and solidus temperature 
with depth for a granitic magma containing 4% H20 (after Wyllie et al., 1976). 
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Figure 5.40 A plot of normative quartz - albite - orthoclase for the Northern 
Arran coarse granite (shaded), showing the variation in the position of the min-
imum melting point and the decrease in the stability field of quartz with falling 
pressure ta~ter Tuttle & Bowen, 19.58). 
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by resorption of plagioclase and the crystallisation of 1 feldspar in equilibrium 
with the liquid before the minimum melting point is reached (Tuttle & Bowen, 
1958) (Fig. 5.18). Petrographic data for the Arran· granite indicates that this is 
clearly not the case. This ambiguity can be explained by further work of Tuttle 
& Bowen (1958) who also investigated the effect of temperature on solid solut,ion 
in the system anorthite - albite - orthoclase They showed that the range of solid 
solution between albite and orthoclase is lowered for melts stable at lower tem-
pe~ures due to increased solution of silica, water or nepheline (in general phases 
not taken into solid solution in the feldspars) in the liquid (Fig. 5.41). The coarse 
granite is quartz saturated so only the solution of silica and water are of interest 
in this case. Lowering the temperature of the ternary minimum in the system 
Qz - Ab - Or restricts the amount of solid solution between co-existing feldspars 
crystallising from liquids evolving to the minimum melt composition. This effec-
tively increases the stability range of two feldspar systems to lower pressures and 
reduces the range over which one feldspar crystallises in equilibrium with the melt. 
This problem was investigated further by Yoder et al. (1957) whose studies., on 
the system An - Ab- Or- H20 showed that small concentrations of Ca feldspar 
would cause crystallisation of separate N a and K rich feldspars at low pressure. 
Hence it can be deduced that the coarse granite magma must have evolved 
toward a mimimum melting point compoRition by crystallising phenocryst ortho-
clase (with Na feldspar in solid solution) and sodic plagioclase. This would have 
caused an increase in the silica and water dissolved in the melt which would have 
permitted simultaneous crystallisation of two compositionally different feldspars 
over an extended range. Some zonation of the plagioclase and orthoclase (section 
5.2) points to crystallisation over a.n extended range of temperature. Optically 
determined compositions for the plagioclase feldspars (section 5.2) indicates that 
calcic feldspars which may have formed at high temperatures at deeper levels 
during differentiation from the basaltic parent have been removed by fractiona-
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Figure 5.41. Ternary phase diagram for the system anorthite - albite - ortho-
clase. The curves show the extent of solid solution between coexisting feldspars 
at four different temperatures. The decrease in solid solution with falling tem-
perature results from increasing solution of water, silica or nepheline in the melt 
(after Tuttle & Bowen, 1958). 
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tion, which is consistent with the depletion of Sr in the magma prior to in-situ 
fractionation (section 5.3.2). 
This fractionation process involving a fall in temperature and pressure would 
have pushed the evolving magma composition toward more quartz rich compo-
sitions. At the same time falling pressure during ascent would have caused a 
shift in the minimum melting point composition toward quartz rich compositions, 
increasing the solubility of quartz in the melt. The combined effect of these pro-
cesses would have led to the extreme enrichment of quartz noted in the coarse 
granite. Quartz enrichment may be the reason that the bulk of the normative 
quartz - albite -orthoclase data indicate a crystallisation pressure slightly below 
that indicated by estimates of the thickness of the overburden. 
In conclusion, crystallisation of the coarse granite must have occurred through-
out its ascent to accommodate a fall in the liquidus temperture caused by falling 
pressure. Final crystallisation occurred <~t a pressure of approximately 1 kbar 
pH20 from a liquid of minimum melting point composition, under water satu-
rated conditions .. The magma evolved to this composition by crystallising two 
feldspars throughout its ascent. It was possible for crystallisation of two feldspars 
to occur at hypersolvus pressures because crystallisation of the feldspars resulted 
in increasing saturation of the liquid in silica and water, which was buffered by a 
reduction in the stability field of quartz due to falling pressure. This reduced the 
range of solid solution between the co-existing feldspars and extended the range of 
the two feldspar plus liquid field. This model is consistent with the extreme quartz 
. . 
enrichment of the coarse granite magma. The magma which crystallised to form 
the group 3 rocks fractionated quartz after polybaric fractionation of orthoclase 
and plagioclase had caused supersaturation of quartz in the melt as it rose toward 
the surface. It therefore appears that the major element chemistry (and hence 
trace element chemistry) of the evolving liquid was controlled by crystallisation 
during its ascent from high to low pressures. 
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5.5 The Fabric of the Coarse Granite. 
The coarse granite can be divided into three petrographic groups which can 
also be resolved on chemical grounds. This section discusses the textural variation 
within these groups and the possible causes of the observed variations. 
The rocks of group 1 show very little internal variation in texture. As noted in 
section 5.2 some of the rocks are slightly more porphyritic than the granular rocks 
which characterise the group. The rocks of group 3 show a wide range in texture, 
while remaining siniilar to the rocks of group 1. Group 3 rocks range from medium 
to coarse grained granular rocks to mediuni to coarse grained strongly porphyritic 
rocks with a fine grained groundmass. These variations are not mappable due to 
poor exposure but do not seem to be bounded by marked textural discontinuities. 
Variations in texture appear to occur across gradational boundaries. Rocks of 
group 2 show the most significant textural variations. Internal fine grained sheets 
were described in section 5.2 (Fig. 5.1 ), from the Garbh Alit, Abhainn Tunna 
and North Glen Sannox. Other less well developed sheets were noted in the south 
face of Cir Mhor, to the west of A' Chir and on Meall Bhig (GR 904464). Trace 
element data for these fine grained rocks (Figs .5.37 & 5.38) show they are strongly 
depleted in Ba and Sr, and enriched in Rb, and slightly depleted in Si02 relative to 
the coarse grained group 2 rocks which they grade into. Hence it is apparent that 
they represent fractionated liquids (i.e. liquid from which quartz and feldspars 
have crystallised and separated). As the grain size of the rock increases toward the 
normal coarse granite there is an initial increase in the proportion of phenocrysts 
in the rock followed by an increase in the grain size of the groundmass. · This 
gradation from liquid to solid dominated texture cannot be explained by sidewall 
crystallisation processes since this would produce the reverse relationship. It is 
proposed that the sheets are formed by an inward migrating crystallisation front 
intersecting flowing magma. 
The fluid dynamics of magmas and their changing dynamic properties during 
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crystallisation has been discussed in theoretical terms by Shaw (1965 ), Komar 
(1972), Arzi (1978), McBirney & Murase (1984) and Weinstein et al. (1988) and 
in experimental terms by Sparks et al. (1984) and Turner & Campbell (1986). In 
particular Sparks et al. (1984) discussed the effect of increasing crystal content 
on the type of convective flow in magma chambers and Marsh & Maxey (1985) 
and Weinstein et al. (1988) showed, by theoretical analysis and experiment, the 
distribution patterns of crystals within the flow. 
Convection in a magma body occurs when the bouyancy forces driving con-
vection overcome the viscous drag forces which oppose fluid flow. The ratio of 
these forces is given by the dimensionless thermal Rayleigh number RaT. When 
the Rayleigh number exceeds ~ 103 convection will occur. 
RaT= ga~Td3 
KTJ-L 
5.3 
where g is the acceleration due to gravity, a is the coefficient of thermal expansion 
~ T the temperature difference across a fluid layer of thickness d, KT is thermal 
diffusivity and J-L is the viscosity of the magma. Shaw (1965) showed that above 
RaT ~ 106 the flow of magma is turbulent. Below this value flow would be par-
tially turbulent or completely laminar. Since all the properties of the system will 
remain approximately constan.t during the early stages of crystallisation ( d will de-
crease with time during sidewall crystallisation) the major control on flow regime 
is the viscosity of the magma which is strongly dependent upon crystal content 
(Arzi, 1978; McBirney & Murase, 1984). The RaT for a range of magma viscosi-
ties/crystal contents for the Arran grahJ:te at low degrees of solidification of the 
magma body (i.e. d ::::::: constant) with a mi~uum thermal gradient of 10°Ckm-1 
(convective transfer of heat reduces the gradient to a minimum) was calculated 
and plotted (Fig. 5.42). This shows that the coarse granite was a large enough 
body to have convected when its crystal content was less than 70%. For crystal 
contents between 70% and 50% convection would have been laminar and below 
50% flow would have been turbulent. 
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Figure 5.42. The variation in thermal Rayleigh number RaT with magma vis-
cosity/ crystal content. The graph shows the ran.ge of viscosities over which the 
magma will undergo laminar and turbulent convection. 
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Weinstein et al. (1988) showed by theoretical and experimental analysis that 
during convective flow crystals were entrained into stream lines separated by com-
paritively crystal free zones. Crystal free zones would exist at the margins of the 
magma chamber where shear strains on the flow are highest, due to the Bag-
nold effect (Komar, 1972 and Thompson & McBirney, 1985) which occurs during 
laminar flow. Hence the fine grained sheets could be interpreted as having crys-
tallised from a crystal poor zone of convecting magma sweeping across the inward 
migrating crystallisation front within the magma chamber (Fig .. 5.43). These 
fine grained sheets are discontinuous (section 5.2) which suggests they are only 
a local phenomena. This could be explained in terms of different crystallisation 
rates at different times in different parts of the chamber. The governing factor 
in preservation of the fine sheets would be the rate of inward migration of the 
crystallisation front away from the contact with the country rock. Where this is 
rapid it would freeze the convecting flow. If it was slow the convecting flow would 
scour the inner wall of the chamber and hence remove any crystals beginning to 
adhere to the crystallisation front (Fig. 5.43). Carrigan (1986) plotted a graph 
of cooling time against size of magma body for cooling by conduction. From this 
a crude estimate of 2 x 10-7 ms-1 for the velocity of the crystallisation front can 
be determined from the gradient of the graph, assuming a constant rate of crys-
tallisation. This is considerably less than the velocity of convective overturn Wm 
determined from: 
5.4 
after Sparks et al. (1984), where B is an experimentally determined constant equal 
to 0.44. Other variables are as given in equation 5.3. For the coarse granite the ve-
locity for convective overturn is 2 x 10-4ms-1 for a magma body containing 50% 
crystals and 1 x 10-4ms- 1 for a magma containing 70% crystals. (Ignoring the 
effects of non-uniform viscosities due to entrainment of crystals in stream lines.) 
Hence in the case of the coarse granite the laminar flow velocity always exceeds 
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Figure 5.43. Schematic diagram illustrating the proposed mechanism of forma-
tion and preservation. of the fine grained sheets within the coarse granite. 
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the rate of inward migration of the crystallisation front. Since the relative veloc-
ities of the crystallisation front and the convective flow are normal to each other 
sidewall crystallisation would progress inward, providing that the walls aile. were 
not continually scoured by convective flow, but. not at a sufficient rate to trap any 
flows, which would immediately carry away any nucleating cystals within them. 
Clearly exceptional circumstances, such as a local surge of the crystallisation front 
are required to trap the flowing magma so that it crystallises sufficiently to pre-
vent it from flowing further. Such areas of rapid cooling (if the interpretation of 
the fine sheets is correct) have no relation to any exposed structures in the pluton 
or the aureole which may have caused an enhanced rate of heat loss (e.g. major 
faults, such as the Goat Fell Fault). Hence it is concluded that the pattern of 
inhomogeneous crystallisation indicated by the sheets is dependent upon a pro-
cess occuring within the magma chamber independently of external controls (e.g. 
transfer of heat by convection) (Plate 5.4). 
With the exception of the foliated cataclasites developed along the Goat Fell 
Fault (section 4.6.3) the coarse granite shows no visible mineral alignment or a 
foliation .. Other well documented plutons which have strongly deformed aureole 
rocks are always foliated. In this respect the coarse unit of the Northern Ar-
ran granite may be unique. Davies (1982) has described a diapiric granite (the 
Ash Sha'b diapir) from the Ajjaj shear zone in Northern Saudi Arabia in which 
'tectonite fabrics are scarce'. 
Hutton (1988a) reviewed the development of fabrics in granitic rocks and pro-
duced a two fold division based on the rheological boundary referred to as the 
critical melt percentage at which a magma ceases to be a suspension of crystals 
with the physical properties of a liquid and becomes a low melt fraction solid, in 
which crystals form an interconnected network. Hutton (1988a) defined pre-full 
crystallisation fabrics as those which resulted from alignment o.f crystals during 
the flow of magma in response to internal bouyancy forces or tectonic stresses 
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Plate 5.11. Flow banding in the coarse granite at the north end of the A'Chir 
ridge. vVeathering has enhanced this banding in the coarse granite (not seen 
elsewhere) which is thought to represent flow banding in the granite as a result 
of convection. No visible evidence of mineralogical banding of the granite was 
associated with this feature. Outcrop is approximately 10 m high. 

and crystal plastic strain fabrics as resulting from deformation of low melt frac-
tion rocks by crystal plastic strains. The latter rocks are frequently difficult to 
distinguish from deformed metamorphic rocks. The redistribution of melt during 
deformation of low melt fraction rocks has been discussed by Hibbard (1987). 
The critical melt percentage lies between 50 and 70% crystallisation (Arzi, 
1978; Fig. 5.44 ). Between these melt fractions the magma viscosity increases 
rapidly as the magma becomes an interconnected network of crystals with inter-
stitial melt. The actual point at which 'lock-up' occurs is probably different for 
different magmas and is clearly dependent upon crystal size, shape and degree of 
sorting (Arzi, 1978), melt viscosity and temperature (McBirney & Murase, 1984), 
~ the ability of the magma to wet grain edges and surfaces (Hunter, 1987), 
and the kinetics of nucleation and crystal growth (Jurewicz & Watson, 1985 and 
. Marsh, 1988). Consequently it should be emphasised that the type of fabric result-
ing from deformation of a magma is controlled by factors which may alter during 
or as a result of the deformation and the changing properties of the precipitating 
crystals. 
Petrographic and field evidence indicate that the coarse granite magma was 
predominantly liquid with a relatively low crystal content when it was chilled 
against the contact with its present. wall rocks. Group 2 rocks collected from the 
chilled margins contain up to 46% phenocrysts (average 26% ). Hence it would 
appear that conditions for the development of pre-full crystallisation fabrics were 
satisfied. 
However pre-full crystallisation or flow fabrics did not develop in the coarse 
granite because of the following factors: firstly, although certain marginal rocks 
contain up to 46% phenocrysts the average for the group 2 rocks is 23% and for 
the group 1 rocks 8%. Hence the percentage of crystals in the melt was low and 
therefore modification of the velocity field of the melt around individual crystals is 
unlikely to effect adjacent crystals since they would be separated by relatively large 
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Figure 5.44. The variation in magma viscosity with increasing crystal content 
( CJ\IP -critical melt percentage) (after Arzi, 1978 and van der Molen & Patterson, 
1979). 
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distances. The variation in velocity (or acceleration) within the melt is responsible 
for applying stresses to the crystals which cause them to rotate (Komar, 1982). If 
the crystals were separated to such an extent that their local velocity fields would 
not interfere no alignment of the crystals would occur. Therefore no fabric would 
develop. Secondly, for low crystal contents the flow of magma during convection 
would be turbulent (Fig. 5.42) and hence no constant direction of flow would exist 
for any distance. Hence the alignment of crystals would be random. Thirdly the 
phenocrysts described from the coarse granite ar~ typically equant (section 5.2) 
and consequently would not have a preferred orientation in a flow. 
While the existing work on the development of flow fabrics has done much 
to elucidate the process by which they occur, and the subsequent effects of dis-
tribution of crystals within a flow, it is clear that adequate boundary conditions 
for the development of such fabrics have not been determined. These boundary 
conditions are probably variable and dependent upon those factors already dis-
cussed above e.g. crystal size, shape and sorting, melt viscosity, temperature and 
crystallisation kinetics. Consequently it is impossible to make accurate inferences 
about the state of crystalliation of the coarse granite magma purely on the basis 
that it does not contain a flow fabric. 
Holder (1988) and Hutton (1988b) have used deformed mafic xenoliths to 
measure patterns of strain induced by flow or deformation of the magma. No 
such xenoliths occur in the northern granite, and hence patterns of strain could 
not be determined by this technique. 
It is also apparent from the petrography of the coarse granite that it does 
not have a pene~tive fabric similar to that observed in gneissic rocks which is 
associated with deformation of a magma with a low crystal content (Hibbard, 
1987). Hence it appears that the granite was not strongly deformed at any stage 
during or after it crystallised although its aureole was strongly deformed during 
emplacement (Chapter 4 ). 
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This ambiguity can be explained with reference to the physical state of the 
magma during the final stages of emplacement. The petrographic and isotopic 
data indicate that the granite was emplaced a.s a single magma body. Other well 
documented internally deformed diapiric plutons e.g. Ardara (Holder, 1979) are 
composed of two or more concentric units. Later pulses of magma intrude and 
' 
deform ~ ~ 7 earlier pulses. The later pulses are generally less deformed than the 
'-....._ I ,·• ' 
earlier units. Th~ lcit i_~:r:;, are typically highly deformed at their contacts with the 
':··· .. 
. ' 
country rock or immediately preceeding pulses of magma. In simple terms this 
' 
process represents liquid being injected into a solid. If the solid has a framework 
e.g. an interconnected crystalline fabric, that framework will deform or flow in re-. 
ponse to the stresses at the surface of the liquid. However the liquid will have no 
such fabric (at low crystal contents the crystals will not be close enough to interact 
- see above). Consequently the stresses in the liquid at its contact .with the solid 
will be distributed hydrostatically (i.e. equally in all directions) throughout the 
liquid so that the resolved stress at any point within the liquid is zero. Therefore 
no fabric or crystal· alignment will develop in a magma while it is behaving as a 
liquid (i.e. below the critical melt percentage), or more accurately at the crys-
tal concentration below which the stress fields around individual crystals do not 
interfere. This occurs at 8% for equidimensional solid suspensions of crystals in 
liquids (Komar, 1972). In magmas this value may be much higher. In particular 
an irregular distribution of crystal sizes may increase the value (Arzi, 1978). 
This argument implies that while the intruding coarse granite deformed its 
wall rocks it must have remained liquid (in the sense that its crystal content did 
not exceed the critical melt percentage). It also indicates that magmas may deform 
their aureole rocks without recording any internal strain up to the point where 
they may be as much as 70% crystallised. Hence it appears, if this hypothesis 
is correct, that the coarse granite passed through the critical melt percentage 
after it had been emplaced at its present level and attained its present shape by 
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deformation of its aureole. 
There is some evidence for comparatively low stresses acting on the magma 
during the late stages of crystallisation (i.e. > 70% crystallisation). As noted 
in section 5.2 many crystals of quartz show undulose extinction and subgrains, 
and crystals of intersertal biotite are frequently distorted (Plate 5.12). These 
crystal plastic strain fabrics are found in rocks of all three petrographic groups 
but are most common in the group 2 rocks which have the highest concentrations of 
phenocrysts. The phenocrysts are commonly separated by films of intersertalmelt. 
Quartz grains are surrounded by films of feldspar and feldspars are surrounded 
by films of quartz. Although no chemical data are available for these films it is 
thought that they represent the remains of an interconnected network of residual 
melt of initially uniform composition. Feldspars are now surrounded by films of 
quartz since further crystallisation of feldspar from the adjacent melt film would 
have left the evolved melt film depleted in feldspar and enriched in quartz, while 
crystallisation of quartz from the melt film would leave adjacent melt enriched 
in feldspar. This process relies on the assumption that diffusion rates were low 
relative to the rate of cooling during the late stages of crystallisation. 
Experimental work at 5 kbar pH20, by Winkler & Schultes (1982), showed 
that for three granites of varying modal composition, crystallisation of the last 
30% of the melt occurred over a very narrow temperature range ( < 5°C) which 
suggests they had evolved to eutectic compositions, as in the case of the coarse 
granite (sections 5.3.2 and .5.4). These experimental data also indicated that 
crystallisation of large phenocrysts is inhibited at melt contents of less than 30%. 
Two important conclusions pertinent to the crystallisation of the Northern 
Arran Coarse granite can be drawn from this work. Firstly that crystallisation of 
the last 30% of melt in the coarse granite magma probably occurred rapidly, since 
it would have required only a small decrease in temperature. Hence preservation 
of un-r~uilibrated melt films may have been possible, and the physical properties 
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Plate 5.12. This photomicrograph shows well developed undulose extinction and 
subgrain development in quartz and distortion of the cleavage in a biotite crystal 
(lower right). These strains are thought to be the result of late stage compaction 
of partially crystallised magma. (See plates 5.8 & 5.9.) Coarse granite, No. 97391. 
·width of field = 3.5 mm, crossed polars. 

of the magma would have changed from liquid behavior to solid behavior in a very 
short time interval. This would not be observed for rocks with longer crystallisa-
tion intervals or which do not represent eutectic compositions. This aspect of the 
rate of crystallisation of a magma may have a significant influence on fabric de-
velopment. Secondly the high phenocryst percentages noted in som~>. of the group · 
2 rocks (70 - 80%) are not compatible with crystallisation of a magma without 
some loss of interstitial melt from the evolving crystal-liquid mush. 
It is thought that the internal deformation of the quartz and biotite grains is 
the result of the effect of an applied stress on an almost completely solid magma, 
although it is equally possible that the deformation occurred at subsolidus tem-
peratures. An enhancement of the perthitic texture in the alkali feldspars might 
be expected due to exsolution resulting from re-ordering of the crystals under 
stress (Gates, 1953). The cause of this deformation is not cle~r (in the absen~e of 
strain markers with which to plot the strain field in the pluton) other than stresses 
related to the ·emplacement of the magma. These stresses may have resulted from 
further upward and outward movement of more liquid and hence more bouyant 
magma at the core of the pluton. The initial phase of this deformation could have 
caused expulsion of interstitial melt from the crystallised magma at the walls of 
the intrusion by compaction of the network of crystals. This would account for the 
anomalous crystal:melt ratio seen in some of the group 2 rocks and also the aggre-
gate texture of the rocks composed largely of phenocrysts of feldspar surrounded 
by clusters of quartz, with a fine grained or intersertal groundmass, to produce a 
bimodal grain size distribution (section 5.2). A schematic diagram of the inferred 
evolution of this texture is given in Figure 5.45. Since this compaction fabric is 
found in rocks near the margin of the granite and in the core of the intrusion it 
appears that the compaction process must have occurred throughout the cooling 
of the pluton. As there is no intensification of strain toward the margin of the plu-
ton it is thought that the compaction process must have occurred in response to 
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Figure 5.45. Schematic diagram illustrating the development of the 'compaction' 
texture commonly recorded in the coarse granite, particularly in rocks of group 2. 
Fig. 5.45. 
Evolution of compaction texture 1n group 2 rocks. 
a 
b 
c 
1 em 
Growth of phenocrysts of quartz, 
plagioclase and orthoclase. 
Crystals accumulate at sidewall. 
Compaction of magma expels melt 
from between crystals. 
Crystallisation of ground mass. 
Further compaction produces 
crystal plastic strains. 
stresses which were uot large enough to deform the granite once it had completely 
solidified. 
Further evidence of expulsion of the interstitial evolved melt from the com-
pacting wall rocks can be obtained from the aplites which cut the coarse granite. 
These show two types of contact with their host (section 5.2). Some have very 
sharp straight contacts (Plate 5.13). Others have irregular diffuse contacts. One 
specimen collected ( AR5231) shows progessive disaggregation of the coarse granite 
toward the aplite, suggesting expulsion of interstitial evolved melt into an opening 
cavity as described by Hibbard & Watters (1985). This origin for the aplites is to a 
certain extent confirmed by their trace element compostions which are extremely 
evolved compared to the range of compositions of the coarse granite (Figs. 5.46 
& 5.4 7). If this interpretation is correct the aplites would have compositions close 
to that of the evolved melt derived by boundary layer crystallisation and trapped 
within the crystal mush. Some re-equilibrat.ion of this melt with the surrounding 
crystals and the occurrence of xenocrysts derived by disaggregation of the coarse 
granite during separation of the liquid could explain the variability in compostion 
shown by the samples, and hence make their interpretation complex. It is clear 
that low melt fraction magmas can sustain shear stresses, and hence fracture (Hi-
bbard & Watters, 1985; Wickham, 1987). It has not been determined whether 
these fractures are uniform and planar or whether they would be irregular. In 
completely solid rock the fractures would be planar since the completely intercon-
nected fabric of the rock would transmit au approximately uniform stress field. 
However in the case of a low melt fraction magma where liquid filled pore spaces 
exist and the fabric of the magma is not strictly coherent an applied stress may 
not be transmitted uniformly. This could explain why certain aplites injected into 
partly solidified magma are very irregular. The geometry of the aplites (Fig. 5.2) 
does not provide any data on the possible orientation of the stresses acting on 
the magma during their injection, with the exception of those which exploit the 
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Plate 5.13. Fine grained planar aplites with sharp margins cutting the coarse 
granite. 

Figure 5.46. Ba (ppm) plotted against Rb (ppm) showing the compositional 
range of the·aplites (triangles) in comparison with the three petrographic groups 
of the coarse granite. 
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Figure 5.47. Sr (ppm) plotted against Rb (ppm) showing the compositional 
range of the aplites (triangles) in comparison with the three petrographic groups 
of the coarse granite. 
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horizontal joints developed in the margin of the intrusion (Chapter 4 ). 
To summarise: The coarse unit of the Northern Arran Granite shows very little 
textural variation. Simple fluid dynamic analysis of the magma body indicates 
that it would have convected during the early stages of crystallisation. This 
process is thought to be reflected in the development of fine grained sheets with 
sharp contacts toward the margin of the intrusion and gradational contacts with 
coarse granite toward the core of the pluton which formed by the intersection of a 
rapidly inward migrating cooling front with a flow differentiated current of magma 
crossing the inner wall of the pluton. The preservation of these sheets clearly 
indicates surges in the rate of crystallisation in different areas which bear no 
relation to structures in the aureole which could enhance heat loss. Consequently 
it is thought that the pluton cooled inhomogeneously. 
The granite shows no foliation or mineral alignment fabric, in contrast to 
its strongly deformed aureole. It is concluded that the granite could not have 
deformed its aureole without developing a fabric unless it behaved as a liquid so 
that stresses at its contact with the country rocks were transmitted as hydrostatic 
stresses through the magma. 
. I 
Undulose extinction in quartz grains, distorted crystals of biotite, preservation 
of interstitial melt as intersertal quartz and feldspar and anomalously high phe-
nocryst concentrations are taken as evidence that the magma suffered compaction 
at an advanced stage of crystallisation. This is thought to have resulted from the 
continual upward and outward movement of liquid in the core of the pluton. This 
compaction is thought to have produced the aplites by expulsion of evolved melts 
during fracturing of low melt fraction magma. 
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5.6 A Model for the Evolution of the Northern Arran Coarse Granite. 
Isotopic evidence indicates that the magma from which the coarse granite 
evolved fractionated from a basaltic parent contaminated with partial melts of 
crustal rocks. This contamination appears to have occurred in an intense lower 
crustal dyke swarm, heat from which caused partial fusion of crustal rocks along 
the walls of the dykes. This liquid would have a composition close to the min-
imum melting point at 11 kbar and hence would be enriched in those elements 
concentrated in the liquidus phases at the eutectic. When mixed with the basaltic 
magma the partial melt would have caused enrichment of Ba, Rb, Sr, U, Th, Ph, 
K and the light REES in the basic magma. Contamination by Rb, Sr, U, Th 
and Ph caused changes in its isotopic signature. In particular different degrees 
of Ph contamination cause the Tertiary igneous rocks of Arran to show a range 
of Ph isotope compositions which define a pseudo-isochron of 770 Ma age. Un-
certainties in the determination of this isochron allow for contamination by 1100 
Ma old Grenvillian lower crustal granulites which appear to form the floor to the 
Palaeozoic rocks of the Midland Valley and the Dalradian further north (Chapter 
2). 
Subsequent fractionation of the basic magma toward a minimum melting point 
granite by separation of plagioclase, pyroxene and some alkali feldspar resulted in 
Ba, Sr and Ti depletion of the magma, which remained enriched in Rb, Th and K. 
Sr depletion of the granite magma made it vulnerable to Sr isotopic contamination 
by further partial melts of crustal rocks. This does not appear to have occurred. 
Changes in the Sr isotope composition would be accompanied by variations in Ph 
isotopes. By using these two isotopic systems it is possible to rule out significant 
post differentiation contamination of the granitic magma. This eliminates ascent 
of the magma by significant amounts of stoping and digestion of country rock. The 
structural data suggests that the granitic magma rose as a diapir. This implies 
that it must have accumulated at some depth below its present level in the crust. 
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This depth can be constrained by the isotopic data. The range of Pb isotope 
variation for the acid and basic Tertiary igneous rocks of Arran indicates they are 
not contaminated by Dalradian material (which would cause them to show a very 
different range of isotope compositions) and that contamination is dominantly by 
partial melts of lower crustal rocks. Hence it is concluded that the granitic magma 
which rose to form the northern granite must have accumulated and differentiated 
in the region of the boundary between the Dalradian upper crustal rocks and 
the mid crustal (? Grenvillian) rocks, which during the Palaeocene would have 
occurred at a depth of approximately 11 km. 
The narrow range of variation in isotope compositions of samples from the 
coarse granite, coupled with the narrow range of concentrations of trace elements 
not inv~l1ved in fractionation, some of which (e.g. Th, Pb and .U) were susceptible 
to contamination, indicate that it rose as a single body of magma. The chondrite 
normalised incompatible element pattern for the coarse granite indicates that it 
fractionated plagioclase, orthoclase, apatite, zircon and pyroxene or Ti-oxide prior 
to its ascent. 
Variations in Ba and Sr are considered to be the result of continuing fraction-
ation of orthoclase and plagioclase during the ascent and final emplacement of the 
magma. 
As the granite rose from the depth at which it accumulated the falling pressure 
would have resulted in a contraction of its crystallisation interval by increasing the 
J 
solidus temperature and decreasing the liquidus temperature. This would have 
. . 
resulted in crystallisation of orthoclase and plagioclase causing Si02 enrichment 
of the melt, forcing its composition toward that at the minimum melting point 
in the granitic system. However falling pressure would also reduce the stability 
field of quartz (i.e. increase its solubility in the melt) which would produce the 
extreme silica enrichment of the melt. Samples of chilled magma collected from 
the margins of the pluton contain phenocrysts of quartz, orthoclase and oligoclase 
. . 
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which indicate that the melt had evolved to a minimum melting point composition 
prior to reaching the level at which it was emplaced. Evolved samples of coarse 
granite are depleted in quartz which suggests this phase was selectively fraction-
ated from the melt during the last stages of crystallisation. Normative data for 
the coarse granite plotted in the system quartz - albite - orthoclase indicates that 
it crystallised at a pressure of between 0.5 and 1 kbar pH20 which indicates a 
depth of between 1 and 3 km below the surface. 
The absence of a well developed fabric in the coarse granite indicates that it 
must have behaved as a liquid while it was emplaced into and deformed its aureole. 
Textural variations in the granite can be related to processes of crystallisation. 
The intrusion can be divided into three types on the basis of these variations in 
texture. Group 1 rocks, restricted to the margins of the pluton are porphyritic 
rocks with a well developed coarse grained groundmass. Group 2 rocks are very 
coarse grained and lack a well developed groundmass, being largely composed of 
phenocrysts of quartz and feldspars. Group 3 rocks, which occur in the core of 
the intrusion are more variable, but are generally porphyritic with a finer grained 
groundmass. Group 1 and group 3 rocks are considered to have crystallised from 
liquids with high proportions of phenocrysts. Group 2 rocks are interpreted as the 
crystallised products of a crystal liquid· mush. The three groups are separafted by 
gradational boundaries. 
Variations in trace element chemistry reflect these textural variations. Ba and 
Sr show the widest range in concentrations reflecting fractionation of orthoclase 
and plagioclase feldspar which is confirmed bY: the presence of these phases as 
phenocr~s in all three texturally defined groups. Modelling of the range of com-
positions by fractional crystallisation indicated that all three textural groups must 
represent crystal liquid mushes with increasing amounts of phenocrysts in groups 
1 and 3. This is not compatible with the petrographic data. It also indicated that 
group 2 rocks should have crystallised first and groups 1 and 3 crystallised after 
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from the resulting depleted liquid. Assuming heat loss occurred through the walls 
of the chamber this would mean the group 2 rocks would have to occur along the 
walls of the chamber, which is clearly not the case since the group 1 rocks occupy 
this position. 
The crystallisation sequence inferred by the distribution of the three groups 
within the pluton and their range of chemical compositions can be predicted by 
sidewall crystallisation involving 30% equilibrium crystallisation of an evolving 
boundary layer. Initial cooling of the crystal beru;ing magma, evolved during as-
cent, adjacent to the margin of the intrusion produced the group 1 rocks. The 
relatively narrower range of the group 1 rocks suggests equilibrium crystallisation 
dominated this stage of cooling. This also compatible with the restricted degree 
to which crystal separation can occur in granitic magmas. This stage was fol-
lowed by sidewall crystallisation producing the group 2 rocks, which involved the 
accumulation of crystals and trapped interstitial melt on the inward migrating 
walls of the chamber and formation of a boundary layer of differentiated liquid. 
This boundary layer was then separated from the sidewall by convection and the 
evolved liquid mixed with the 'unevolved' reservoir at the core of the intrusion. 
The group three rocks crystallised from the magma remaining at the core of the 
pluton after sidewall crystallisation ceased. 
Sidewall crystallisation produces a narrower range of liquid and coexisting 
solid compositions than fractional crystallisation. This is consistent with the 
range of compositons of the rocks occurring in the ·coarse granite and their tex-
tural characteristics. Sheets of fine grained granite within the coarse show a wide 
range of evolved to unevolved compositions consistent with trapping of liquids, 
derived by boundary layer crystallisation or from the reservoir at the core of the 
pluton, by inward migration of crystallisation .fronts. The irregular distribution 
of these sheets suggests that crystallisation of the granite following emplacement 
was inhomogeneous. The range of variability in chemical composition of the sam-
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ples from the coarse granite may also be enhanced by incorporation of phenocryst 
feldspars crystallised during the itent of the magma and by variable degrees of 
liquid separation from the crystal liquid mush forming at the walls of the magma 
chamber. 
Many of the rocks, particularly those of group 2, show a well developed com-
paction texture. Cryst.als form interlocking aggregates, quartz crystals commonly 
show undulose extinct'ion ~nd the development of subgrains, and flakes of biotite 
are distorted. These features are compatible with the granite experiencing low 
compressive stresses during and after crystallisation. It is thought these stresses 
are the result of upward and outward movement of the reservoir of liquid at the 
core of the pluton during crystallisation. Compaction of the crystal mush devel-
oped during sidewall crystallisation resulted in the expulsion of interstitial liquid 
to produce artificial phenocryst enrichment of the rocks, which may be regarded 
as a form of textural disequilibrium. Later compression after solidification would 
result in the low crystal plastic strains recorded by. the deformed quartz and bi-
otite. Stresses acting on the crystal liquid mush may have caused it to fracture. 
These fractures would fill with interstitial liquid, aiding the melt expulsion process 
and producing aplites. 
This model for the evolution, ascent and final crystallisation of the coarse gran-
ite is derived from a variety of isotopic and trace element data. It demonstrates 
that the use of such data, interpreted on the basis of our existing understanding of 
the behavior of chemical elements in magmas, can be used to identify and charac-
terise the various stages in the evolution of a granitic intrusion. Arran is only one 
specific case. The interpretation of its origin is based largely on techniques and 
data used to determine the origin of other granites of the British Tertiary igneous 
province. It does serve to indicate that any granite is an individual with its own 
evolution controlled partly by the way it interacts with the surrounding crust, 
which may vary significantly from one intrusion to the next, and by its chemical 
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evolution over a range of temperature which for granites of similar compositions 
should be reproducible. By isolating variations in the chemical evolution of the 
magma controlled by composition it should be possible to identify features which 
are unique to that particular pluton and which reflect specific features or controls 
on its evolution. Such specific controls are likely to be the main factors influencing 
the style of ascent and emplacement of granitic magma. 
This work has largely concentrated on the indentification of specific petro-
graphic and chemical features of the Arran coarse granite which are pertinent to 
deducing its level of accumulation, the degree to which it assimmilated crustal 
rocks prior to and during ascent, whether it is composed of one pulse of magma or 
several and how it crystallised. The discussion of the variations in chemistry and 
what may be inferred from them is intended to illustrate the various processes 
affecting granites during their ascent and emplacement and on what grounds and 
to what degree of accuracy they may be identified. One of the major problems in 
interpreting granitic rocks is our understanding of the final stages of crystallis,a-
tion of granitic magmas and the chemical variations this can cause which could 
overprint features of their chemistry which might be used to elucidate their ori-
gin. Until a fuller understanding of the physico-chemical properties of crystallising 
granitic crystal-liquid mushes is available it may not always be possible to elimi-
nate the effects of crystallisation and consequently deduce the composition of the 
parent magmas or identify features of the chemistry of the. magma which relate to 
its ascent and emplacement. The model presented here for Arran can account for 
the variations in petrography and chemistry and allows indentification of the par-
ent magma. On these grounds there is clearly scope for more detailed work which 
may have important implications for our understanding of the crystallisation of 
granitic plutons which is beyond the scope of the present study. 
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CHAPTER.6 . 
.INTRUSION DYNAMICS AND THERMOMECHANICAL 
MODELLING OF DIAPIRIC ASCENT 
The previous chapters have established that the outer coarse unit of the North-
. ern Arran granite is a diapiric body. This conclusion has been drawn from field 
and geochemical data which record the rise and expansion of a single body of 
magma in the upper crust. This chapter discusses the diapiric rise of granitic 
magma, with particular emphasis on the mechanical and thermal controls on as-
cent. The intrusion of the Arran granite will be described by a thermomechanical, 
mathematical model for diapiric ascent based on field observations. The accuracy 
of this model and its limitations will be discussed in general terms, and in the 
specific case of Northern Arran. 
6.1 The Stokes Equation. 
Extensive experimental (e.g. Ramberg, 1967; Soula, 1982) and field based 
studies (e.g. Braunstein & O'Brien, 1968; Jackson & Talbot, 1986; Talbot & 
Jackson, 1987) indicate diapiric bodies typically develop a subspherical or elliptical 
shape, with a tail, during ascent. When the body reaches a level in the crust 
where it is no longer bouyant, or it cannot penetrate fl;lrth~r, its vertical ascent 
is retarded and it spreads laterally, developing a mushroom shape. The spherical 
or elliptical form represents a minimum surface area to volume ratio for the body 
and hence friction between the surface of the body and the material through w~ich 
it is rising (drag) is reduced to a minimum. On the basis of this evidence diapiric 
structures are modelled as spherical or elliptical bodies, which represent6\· ·good 
mathematical approximatiozYto their true shape. 
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Diapirism may occur wherever material of low density lies beneath material 
of a higher density. The low density material experiences an upward force (F1):-
6.1 
where V is the volume of the body, PL is the density of the light material, PH is 
the density of the heavy material and g is the acceleration due to gravity. If this 
force is not balanced the low density material will rise through the high density 
material. However the rise of the low density material is retarded by a viscous 
drag force (F2), which for a spherical body is given by:-
6.2 
This is the Equation for Stokesian flow of a spherical body of radius a, falling with 
a velocity v in a fluid of viscosity Jl.· A body of magma accumulating at depth will 
rise toward the surface providing F1 exceeds or is e.qual·to F2. Setting equation 
6.1 equal to 6.2 gives an equation (6.3) for the ascent velocity v:-
2a2 
v = -(PH- PL)9 
9J1. 
. 
6.3 
This equation is adequate for an isoviscous system (i.e. where the viscosity 
of the fluid is constant). However it has been recognised for some time that 
magmatic intrusive diapiric bodies are surrounded by a narrow zone of strongly 
deformed rocks (Grout, 1945; Buddington, 1959; Sanderson & Meneilly, 1981 and 
this study). This was noted by Marsh (1982) who stated:-
'In a medium of constant viscosity , the velocity field extends, for 
a spherical body, for example, out to about 10 body .radii. The usual 
thin deformation envelope about plutons clearly indicates the wall rock 
viscosity was not spatially uniform.' 
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6.2 The Hot Stokes Equation for Diapiric Ascent. 
The Stokes equation (6.2) does not account for variations in the viscosity 
of the wall rocks through which the intrusive body is rising. Marsh & Kantha 
(1978) recognised the importance of heat transfer from the magma body to its 
wall rocks in aiding the ascent mechanism. Heating of the wall rocks would result 
' 
in a reduction in their viscosity. This would cause a reduction in the viscous drag 
. force on the rising diapir. Meissner &!: Weaver (1986) discussed the variation in 
viscosity of the crust with temperature, and presented equations describing the 
relationship between these parameters for different rock types. These show that 
viscosity is inversly proportional to temperature (Table 6.1). Of interest is the 
fact that the viscosity of the wall rocks adjacent to the magma body is comparable 
to that for granitic magma at its solidus temperature (Wickham, 1987; Van der 
Molen & Patterson, 1979). This appears to rule out Marsh's assumption that, in 
order to obtain a sufficient reduction in the viscosity of the wall rocks to allow 
diapiric ascent to occur, the wall rocks would have to be heated to their solidus 
temperature. 
Table 6.1. 
The following data for the effective viscosity for steady state creep of wet granite 
at a given temperature and constant Htraiu rate were calculated from the equation:-
lnJL = ( ~ ){ R~ + (1 - n)ln~ -lnCn) 
>l 1 
after Meissner & Weaver (1986). Where n = 1.!), E =1.37 X 103 , lnCn = 2.0, R (the 
Gas constant)= 8.314 and~ (the stt·ain rate) =10-14s-1• 
Temperature (T) °C ViscoHity (p.) Pa.s 
200 4 X 1022 
250 4 X 1021 
300 7 X 10211 
350 4 X 1019 
400 4 X 1018 
450 5 X 1017 
500 8 X 101G 
550 2 X 1016 
600 4 X 1015 
Viscosity of granitic magma at its solidus haH been estimated by Wickham as 1 x 1017 Pa.s. 
The maximum aureole temperature of the aureole of the Northern Arran Granite is 550°C and 
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hence a viscosity JLt = 2 x 1016 Pa.s has been used for the rock adjacent to the granite. A 
minimum strain rate of 1 X w-us-1 is taken fro~ Carter &"Tsenn (1987). 
Hence the variation in viscosity within the wall rocks is directly dependant 
upon· the. variation in temperature around the intruding pluton. In a series of 
papers Jaeger (1957, 1959 & 1964) examined the variation in temperature with 
time and distance around static bodies of magma. Since a rising body of magma, 
such as a diapir, is only in contact with a particular area of wall rock for· a com-
paratively short time Jaeger's models are not strictly applicable. More recently 
this problem was explored by Daly & Raefsky (1985) who modelled the variation 
in temperature and heat flow around a rising diapir using a finite element method. 
They showed that the temperature field around a rising body of magma changed 
with varying ascent velocity. In order to eliminate the effects of variations in the 
wall rock temperature profile with time only the temperature profile for a thermal 
aureole a short time after intrusion will be considered in the following discussion. 
Marsh (1982) and Daly & Raefsky (1985) approximated the temperature gradients 
around an intrusion to an exponential form, to give an equation for the variation 
in viscosity (J.L) across the aureole:-
6.4 
Where J.L1 is the viscosity of the wall rock at the contact, y is the distance from the 
magma body, d is the width of the softened zone and A is a constant (after Marsh, 
1982) (see Table 6.2). When this curve is plotted it can be seen that it predicts 
excessively high wall rock viscosities (Fig. 6.1). A more accurate representation of 
the viscosity variation across the aureole can be found by plotting the viscosities 
of the wall rocks at different temperatures, estimated from the aureole of the 
Northern Arran Granite, from Table 6.1. This produces a profile closer to t_h.e 
temperature curves of Jaeger (1964). The variation in viscosity predicted by this 
curve is consistent with the structure of the aureole of the Northern Arran Granite, 
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Figure 6.1. Graph showing variation in wall rock viscosity against distance from 
the edge of an intrusive body at y = 0. The solid curve indicates the viscosity as 
calculated from eqn. 6.4. The broken curve indicates viscosities calculated from 
Table 6.1. The solid curve predicts excessively high wall rock viscosities (e.g. 
1040 Pa.s ). The broken curve indicates a softened zone approximately 200m wide 
would develop adjacent to a granite body. 
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in predicting that the intrusion would be surrounded· by a narrow zone of softened 
and strongly deformed rocks. The width of this zone is approximately 20% of 
the width of the thermal aureole (Chapter 4). The actual width and viscosity of 
the softened boundary layer would depend upon the mechanism and rate of heat 
transfer from the magma body to the wall rocks and the thermal properties of the 
wall rocks. Carrigan (1986) showed that heat transfer through softened rocks with 
a plastic rheology was predominantly by conduction. Convection, which requires 
a high rock permeability, would not be particularly important. If convection was 
important the thermal gradients within the aureole would be shallower since heat 
transfer to the more distant parts of the aureole would be more rapid (Fig. 6.2). 
This would result in a wider and more viscous softened zone. 
The effect of widening the softened zone would be to make the viscosity field 
increasingly uniform. This would cause an increase in the drag force on the rising 
magma body, slowing its ascent. Therefore the ascent velocity is directly related to 
the mechanism of heat loss from the magma. Marsh (1982) reversed this argument 
by taking the ascent velocity as the factor con"iblling heat loss, despite the fact 
that a magma must lose heat to its overburden, and hence reduce the viscous 
·drag force (F2, eqn 6.2) before it can rise. A rapid ascent velocity would mean the 
magma was only in contact with a unit area of wall rock for a short time. Hence 
the heat transferred across the magma/wall rock interface would be small, even 
for high rates of heat transfer. This would .result in only a limited reduction in 
the viscosity of the wall rocks which would cause a decrease in the ascent rate. 
Decreasing the ascent rate would increase the amount of heat lost to a unit area 
of wall rock. Hence it is apparent that diapiric magma bodies must rise at some 
equilibrium velocity constrained by the rate of heat transfer to the wall rocks. 
The equation derived by Marsh (1982) for the velocity ( v) of a body of magma 
rising within a narrow softened boundary layer of ~idth d in a field of otherwise 
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Figure 6.2 Temperature profiles: ~or a thermal aureole heated by conduction 
' 
and by convection. Temperature (T); liquidus temperature of the magma (TL); 
distance from contact (y ). 
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uniform viscosity has the same form as the Stokes equation, i.e.:-
6.5 
The softened boundary layer is a fraction of the width of the thermal aureole, as 
noted above. By considering the process of heat transfer from a magma body, of 
radius a, to the wall rock, the width of the thermal aureole ( d') for a particular 
ascent velocity ( v) is given by:-
6.6 
Where the peclet number Pe = v~ta, is a dimensionless measurement of the ratib 
of heat transfer by conduction to that by convection. "' is the thermal diffusivity 
of the wall rock. Hence the width of the softened boundary layer (d) is given by:-
d = f(d') where f = 0.2 
after Marsh (1982). The value off is determined from field data which indicate 
the softened zone is approximately 20% of the width of the thermal aureole. Hence 
the ascent velocity of a magma body rising in a field of non-uniform viscosity can 
be calculated from:-
v = ~ !:l.pga2 / 2(1 + o.5Pe!r2 
3 AJ.L1 
6.7 
This equation, derived by Marsh (1982), and generally referred to as the Hot 
Stokes Equation, was used to calculate a possible ascent velocity of the Northern 
Arran Outer Granite, (see below). In this form the equation has no unique solution 
since t~e velocity term is included in both sides of the equation ( Pe = vaf"' ). To 
solve this equation a value of v has to be assumed to determine a value for J.ll 
(the viscosity of the wall rock adjacent to the magma body). The chosen value of 
v can then be verified by comparing the value of J.ll with experimental data for 
the effective viscosities of rocks at high temperatures. 
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6.3 Determination of the Peclet Number from Crustal Strain Rates. 
A more ideal approach to using the Hot· Stokes equation than that proposed 
by Marsh (1982), would be to determine the effective viscosity of the wall rocks 
at a temperature appropriate to that of the liquidus temperature of the magma 
body and calculate Pe by an indep¥ent method. The velocity of any rising body 
of magma is ultimately constrained by the rate at which its aureole will deform .. 
It is apparent from the study of migmatite complexes that for low viscosity, water 
rich, anatectic melts to separate from an u'nmelted restite they must migrate at a 
rate faster than or equal to the rate of deformation of the restite. Hence it is not 
unreasonable to assume that the movement of magma in the crust isirelatively 
rapid process involving high crustal strain rates. 
A diapir rising through the crust deforms the column of rock around and above 
it. The radius of this deformed zone is greater than that of the softened zone. 
The rock above the diapir and outside the softened zone may be considered to 
have a uniform viscosity. However these rocks must ·still deform to accommodate 
the rise of the magma body and its associated thermal aureole from below. Hence 
these rocks must undergo Stokesian flow (no thermal effects). Marsh (1982) noted 
that for Stokesian flow the drag effects around the body diminished to zero over 
a distance no greater than a from the magma body, where a is the radius of the 
body. So the total width of the deforming zone equals 4a. This is again consistent 
with the deformation around the Northern Arran Granite. 
Pollard & Johnson (1973) showed that for low strains, the strain produced in 
the rocks overlying a rising magma body was approximately equal to the initial 
vertical displacement of the magma body producing the strain. This can be 
applied to the relatively cold rocks outside the thermal aureole which will deform 
slowly due to their high viscosities. As the diapir rises these rocks enter the 
thermal aureole, and higher strain rates and total strains will develop within 
them. If the vertical movement of an initially horizontal layer B-B, z, is equal 
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to the strain caused by updoming over the diapir (fz) in the rocks outside the 
thermal aureole, z = fz4a, (refer to Fig. 6.3). The vertical velocity ( vz) of the 
rocks is zft. Since fz/t is equal to the strain rate €, Vz = 4a€. Hence the ascent 
velocity is directly dependent upon the strain rate in the rocks outside the thermal 
aureole as well as those within it. 
This velocity may be used to determine a minimum value for the Peclet number 
(Pe = va/K) based on the minimum strain rate w-14s-1 within the aureole, which 
--, 
is given1by:-
4a2€ Pe=-
"' 
6.8 
This value of Pecan then be substituted into the Hot Stokes equation (6.7). The 
effect of using a minimum value of Pe in 6. 7 is reduced since it is #e w];llch 
appears in the equation rather than Pe. 
6.4 The Ascent Velocity of the Northern Arran Granite. 
As previously noted field mapping of its contacts and the geometry of its 
metamorphic aureole suggests the sides of the outer granite are almost vertical 
at the present surface. There is no evidence to suggest that the body spreads 
laterally at depth. This indicates that the maximum diameter of the ~ranite may 
not be much greater than the 13 km now exposed at the surface. This diameter is 
likely to be a maximum value for the granite, since wall rock deformation records 
strong radial flattening estimated at 17%, as a result of radial expansion of the 
pluton during the later stages of its emplacement. Restoration of the aureole of 
the granite indicated that the original size of the pluton as it came to rest at its 
present level, prior to radial expansion was 6 km (Chapter 4). This value for the 
radius of the granite is used in the following calculations. 
Very little data on the thermomechanical properties of mixed pelitic and psam-
mitic lithologies are available. Consequently the granite has been assumed to rise 
in crustal rocks rocks of granitic composition, for which data are available, (Heuze, 
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Figure 6.3 Geometry of the deforming zone above a rising diapir, radius a, for low 
strains. A bedding plane (B-B'- solid curve) within the deforming zone (marked 
by the broken curve) has a new length Ex.4a + 4a, where Ex is the strain induced 
by the diapir rising a distance z. A-A' represents a bedding plane, to which B~.B' 
was origi!1ally parallel, outside the deforming zone. 
Fig. 6.3. 
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1983; Meissner & Weaver, 1986). The choice was made on the grounds that gran-
ite shows more closely comparable melting behavior to pelitic and psammitic rocks 
than to quartzitic rocks for which data are also available (Heuze, 1983). This can 
be verified from melting experiments (Thompson, 1981) and from field observa-
tions made in the Main Donegal Granite, (Pitcher & Berger, 1972), where rafts of 
pelitic and psammitic rocks show clear evidence of partial melting while adjacent 
rafts of quartzite remain unaffected. 
The following calculation of the ascent velocity of the Northern Arran Outer 
Granite used the variables listed in Table 6.2. Data from Meissener & Weaver 
(1986). 
a= 6 x 105cm 
f.= w-14s-1 
K = 8 X 10-3cm2s- 1 · 
g = lOOOcms- 2 
JL = 2 x 1016 Pa.s 
A= 13.8 
l:l.p = lOOkgm -a 
Table 6.2 
Radius of granite 
Strain rate 
Thermal diffusivity of granitic crust 
Gravitational acceleration 
Wall rock viscosity 
Where AJL1 is the effective viscosity of the 
softened layer · 
Density contrast 
. ,, 
Data from Heuze (1983) and Meissner $ Weaver (1986). Converting to SI 
units and using equation 6.8: 
4€a2 Pe =-=LBO 
/'i, 
The ascent velocity of the Northern granite can then be determined by substituting 
Pe into equation 6.7, and using an estimate off= 0.2 (i.e. approximately 200m) 
for the width of the softened zone: 
Hence the granite had an ascent velocity of approximately 4 em per year. The 
data of Dickin et. al. (1981) indicate the granite originated at, and rose from, 
'• 149 
a depth of 8 km below tl1t. present surface. The calculated velocity indicates that 
the granite would have taken 0.214 Ma to rise this distance. 
6.5 Heat Transfer. 
As described above, the process of diapiric ascent is aided by the loss of heat 
from the magma body to its aureole, thus allowing the the aureole to deform 
around the magma body. Any single magma body has a finite amount of heat 
which may be released to the aureole to aid the deformation process. Once this 
heat source is exhausted upward movement of the diapir will be solely dependent 
upon Stokesian flow (equations 6.1 & 6.2). Hence the ascent distance (h) of a 
diapir is strongly controlled by its heat content, and more specifically the rate at 
which it loses its heat. 
The heat content. of a magma body is equal to the heat lost in cooling from its 
initial temperature, which may be above or below its liquidus, to its solidus tem-
perature, plus the latent heat released during crystallisation. The heat capacity 
of the wall rocks controls the amount of heat required to raise the temperature of 
a given volume of wall rocks to the temperature at which their viscosity is reduced 
to a sufficient extent that upward flow of the magma body is possible. This is 
typically of the same magnitude as the specific heat lost by an equal volume of 
magma during cooling because the specific heat capacities of magma and wall rock 
are typically the same (Table 6.3). Hence loss of heat to a given mass of wall rocks 
by cooling of the magma, without crystallisation, can only produce an increase 
in temperature of approximately the same magnitude as the fall in temperature 
in an intrusive magma body of equal mass. Consequently the transfer of specific 
heat plays only a minor role in aiding the ascent of the pluton. However the latent 
heat released by a magma body during crystallisation greatly exceeds its specific 
heat (Table 6.3). Consequently by crystallising during its ascent a magma body 
can heat a mass of wall rock greatly in excess of its own mass. 
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Thompson (1983) presented experimental data for fusion of the Southern Por-
phyritic Epigranite (SK 127) at 1 kbar pH20 from the Western Redhills centre 
of the Tertiary intrusive complex in the Isle of Skye, Scotland. The granite has 
almost identical major element chemistry and mineralogy to the Northern Arran 
Granite, allowing a comparison of melting behavior to be made between these two 
intrusions. This indicates the Northern Arran Granite has a crystallisation inter-
val of 35°C. It has been argued that the granite cannot have been more than 70% 
crystallised when it reached its final level (section 5.5). However the 70% crystalli-
sation interval is retained at 35°C since experimental data on the crystallisation 
of three compositionally different granites by Winkler & Schultes (1978) indicates 
that the last 30% of crystallisation occurs over an interval of < 5°C. This does 
not account for the fact that the granite would have lost heat as it rose from the 
top of the middle crust (at 11 km depth) to its depth of emplacement (3 km) 
as a result of crystallisation caused by a contraction of its crystallisation interval 
(section 5.4). The amount of heat lost by this process has not been accounted for 
here because of uncertainties in the initial temperature and composition of the 
granitic magma and the actual percentage of crystallisation caused by the fall in 
temperature and pressure during ascent. 
In the following calculation of the heat content of the Northern Arran granite 
the magma body is assumed to be spherical, with a radius of 6 km. In addition 
the following parameters were taken from Heuze (1983): 
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a=6000m 
d' = 1000 m 
p9 = 2.6 X 103 kgm - 3 
Pw = 2.7 X 103kgm- 3 
L = 80 x 103 cal.kg-1 
Cp = 0.25 x 103 cal.kg-1°C-1 
Cpw = 0.3 x 103cal.kg- 1°C-1 
Table 6.3. 
Radius of granite 
Radius of thermal aureole 
Density of granitic magma 
Density of wall rock 
Latent Heat of crystallisation 
Specific Heat Capacity of magma 
Specific Heat Capacity of wall rock 
Using these data the mass (M) of the body was calculated from:-
M = Pg· v = 2.35 X I015kg 
where V is the volume of the granite. Hence the latent heat released during 70% 
crystallisation ( Q L) was calculated from:-
QL = 0.1ML = 1.3 X 1020cal = 5.51 X 1020 J 
and the heat released during cooling through the crystallisation interval (Qs) is 
given by:-
Qs = 35MCp = 2.05 X 1019cal = 8.61 x 1019 J 
Hence the total heat released during crystallisation of the granite ( QT) is:-
QT = Q L + Q S = 6.37 X 1020 J 
This heat is released in heating a column of country rock. As the magma body 
rises it displaces its own volume around itself by viscous flow of the overburden. 
The volume of rock flowing around the body may be considered as a hemisphere 
of radius a + d' which mantles the upper part of the diapir throughout its ascent 
(Fig. 6.4 ). At any instant the volume of this hemisphere surrounding the granite is 
equal to the volume of the thermal aureole to which heat is being transferred. The 
. . 
rock beneath the granite has a velocity opposite to that of the granite. Therefore 
this rock moves away from the heat source and heat will no longer be transferred 
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Figure 6.4 The volume of rocks heated by the ascent of a rising magma body. 
During ascent of a diapir of radius a, over a distance h it heats and deforms the 
rocks within a cylinder of height h and radius a+ d'. Lines A-A, B-B, C-C and 
D-D represent beclcling planes in rock becoming increasingly heated and deformed 
(A-A and B-B), and then left to cool as the diapir rises further upwards (C-C 
and D-D). Line E-E represents cold and as yet undeformed rock. 
GRANITE ~HEMISPHERE  HEATED BY GORFA ROCK NITE 
to it. Daly & Raefsky (1985) showed that the maximum heat flux from the diapir 
to the wall rock occurred through the upper hemisphere and diminished rapidly 
at angles greater than 90° to the ascent direction. If the diapir rises. vertically 
the volume of rock to be heated would therefore equal the volume of a cylinder of 
radius a + d' and height h. At any instant the rocks in the thermal aureole are 
raised by a temperaiure (Ta), given by Marsh (1982) as:-
6.9 
where T1 is the temperature of the rocks in contact with the granite and T2 is 
the temperature of the rocks at the edge of the thermal aureole. Assuming a 
linear geothermal gradient of 25°C.km-1 and that the granite rose from a depth 
of 11 km to 3 km (section 5.3.1) the average wall rock temperature at the edge 
of the thermal aureole during ascent was calculated to be 175°C. The mineral 
assemblages developed in the thermal aureole indicate a maximum temperature 
of 550°C adjacent to the granite. Equation 6.9 was used to calculate a value of Ta 
of 187.5°C. Hence in order to rise the 8 km suggested ascent distance (see above) 
the granite must release sufficient heat during cooling to raise the temperature of 
a column of rock of radius 6 km and height Skm by 187.5°C. The amount of heat 
required ( Q) was calculat~d from:-
Q = 187.5MCpw = 7.82 x 1020 J 
Where M is the mass of the cylinder. From this calculation it can be determined 
that the heat content of the Northern Arran granite is sufficient to enable it to rise 
6.51 km. The obvious discrepancy between the heat content of the granite and 
the heat required to enable it to ascend 8 km may be explained by errors in the 
modelling, particularly in the estimation of the volume of wall to be heated which 
is calculated from a very simple model. Neither does it aq:ount for additional heat 
lost by cooling and polybaric crystallisation of the granite during ascent from the 
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level at which it accumulated. It is clear that the results .of the two calculations 
are of the same order of magnitude, and as such the discrepancy is not large. 
The main conclusion drawn from this calculation is that the granite potentially 
released sufficient heatin cooling, from its liquidus to its critical melt percentage, 
to rise from its source to its present level in the crust. 
If the ascent velocity of the granite is taken as 1.24 x 10-9ms-1 it will rise 
8 km in 0.214 Ma. Hence for the granite to ascend in the manner described it 
should cool from its liquidus toM the point at which it is 70% crystallised in 0.214 
Ma. Jaeger (1957) presented a series of equations for calculating the variations in 
temperature with time within a static cooling intrusive body and its metamorphic 
aureole. The equation:-
. Ts = T1 (1 + erf-x-=-) 
· (1+erf,\) 2(~t)! 6.10 
gives the temperature Ts of solidified magma or wall rock at a distance x from 
the contact at x = 0 (between the country rock, x > 0, and the magma, x < 0,) 
at time t. T1 is the liquidus temperature of the magma. ,\is a parameter which 
is related to the heat loss during cooling between the liquidus and the solidus, 
(Jaeger, 1957, eqn. 3). Other variables are as given .. a;bove. By setting Ts equal to 
T1 and x equal to the radius of the magma body, the time taken for the magma 
body to completely crystallise (t) can be determined. For the Northern Arran 
coarse granite this time is 1.62 Ma. This lies well outside the time of 0.214 Ma 
estimated for diapiric ascent of the granite. 
The discrepancy between these cooling times lies in the fact that eqn. 6.10 
relates to a static magma body losing heat to a static thermal aureole, and thus 
is not strictly applicable to to a rising body of magma which is continually losing 
heat to comparatively cold wall rock. Daly & Raefsky (1985) analysed the heat 
flow pattern around a rising hot diapir and showed that steeper thermal gradients 
would develop around a rapidly ascending body than would develop around a 
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slowly rising body. Consequently heat flow to the wall rocks would be more rapid 
in the case of a diapir with a high ascent velocity, and hence it would cool nio~e 
rapidly than a static body. Consequently the Northern Arran Granite would have 
cooled in a time which was less than or equal to 1.62 Ma, which is consistent with 
the calculation above. Marsh (1982) wrote an equation relating the heat lost by 
a magma body to its ascent velocity. This equation has not been used here since 
it is based on the assumption that the granite only heats the rocks directly above 
it, (i.e. no lateral heat loss to the wall rocks occurs). It also assumes that the 
wall rocks undergo partial melting (see above) and includes a latent heat term 
to account for this. Hence this equation is clearly not applicable to the N <;>rthern 
Arran granite, where there is no evidence of partial melting in the aureole, (chapter 
3). 
6.6 The Limits on Ascent of the Northern Arran Granite. 
The preceeding sections indicate that, on the basis of a theoretical model 
consistent with field data, ascent of the Northern Arran granite as a diapir is 
viable. This model is valid for a magma body rising through rocks of uniform 
structure and composition, which can be described mathematically as a material 
of initial constant viscosity. Hence the Hot Stokes model can be applied to the 
Northern Arran Granite while ·it is rising through the Dalradian. However when 
the granite intersected and reactivated the Laggan/Goat Fell Fault system the 
aureole would effectivly become non-uniform and the Hot Stokes model would no 
longer hold. In particular the thermal gradients around the granite would have 
been perturbed in the region of the faults. Brittle deformation along the Goat 
Fell fault on the eastern side of the granite indicates that aureole temperatures 
did not reach the same level as those in the Dalradian on its western side. This 
suggests higher rates of heat transfer along the eastern contact removed heat 
rapidly from this area. This may have resulted from the flow of water through the 
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more permeable ORS rocks and the faults (Chapter 3). The faulting may have also 
brought the granite into contact with rocks of higher heat capacities (e.g. rocks 
with a higher water content) and consequently a greater amount of heat would 
have had to be lost to these rocks before they behaved plastically. The enhanced 
' 
heat loss from the granite may have helped to arrest its ascent. This would be 
consistent with structural evidence (Chapter 4) which indicates that the granite 
began to expand radially during reactivation of the Goat Fell fault. Slowing of 
the granite may also have been caused by it rising into progressively cooler rocks 
as it approached the surface. This would also have caused an increase in the heat 
required to cause a sufficient reduction in the viscosity of the wall rocks to allow 
ascent to continue. 
The Hot Stokes model predicts a uniform ascent velocity for a given value of 
Pe. It is clear that the Peclet number may vary with depth in the crust. Heat 
transfer by conduction would occur at all levels within the crust. Convective heat 
transfer may only occur where there is a fluid to transport the heat and a pathway 
for that fluid to move. Hence convective transfer of heat requires a permeability, 
which increases toward the surface. So the value of Pe and hence the ascent 
velocity ( eqn 6. 7) will increase toward the surface. However it is clear that the 
ascent velocity decreases toward the surface. There are two probable reasons 
for this. Firstly the falling amount of heat available to raise the temperature of 
increasingly cooler wall rocks, as discussed above, and secondly the decrease in 
density contrast between the magma and the wall rocks. The latter would have 
the effect of decreasing the bouyancy of the magma body (eqn 6.1). 
The remaining variable in the system not accounted for by the Hot Stokes 
Model, and which may affect the ascent velocity, is the viscosity of the magma 
body. The work of Arzi (1978) and Van der Molen & Patterson (1979) indicate 
that the viscosity of a crystallising magma remains approximately constant until 
it reaches a critical melt percentage (CMP), at which point the viscosity increases 
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rapidly. In the case of Arran it can be shown that the granite did not cool below 
the . CMP before it came to rest at its present level in the crust. Therefore its 
viscosity would have remained constant during its ascent, providing the magma 
cooled homogeneously. Low temperature gradients and hence approximately ho-
mogeneous cooling would have been maintained by convection within the magma 
during ascent (section 5. 5). 
If the magma adjacent to the wall rocks had cooled more quickly than in the 
centre of the body a viscosity gradient would have formed between the margins 
of the body and its core. Hence the less viscous magma in the core of the pluton 
would flow more rapidly than the margins. Providing the margins of the body 
remained deformable, the core of the pluton would then rise faster (as it would also 
be less dense) and the body would become elongate on a vertical axis. This would 
cause an increase in surface area to volume ratio of the magma body, causing 
it to cool, particularly where the upper part of the magma body was intruding 
relatively cooler country rocks. This would incre~e the viscosity of the upper 
part of the pluton and hence reduce its ascent velocity. The lower, hotter and 
now faster rising part of the body would then catch up with the upper part, and 
the body would regain its spherical configuration. This argument suggests that 
the viscosity of the magma plays only a minor role in the mechanism of ascent. 
Hence it appears that both the ascent velocity and shape of a diapiric magma 
body are maintained at some equilibrium state which is controlled by a mechanism 
of thermal feed back. 
6. 7 Summary. 
The structural features of the Northern Arran granite indicate that it rose 
diapirically, in an incompletely crystallised state, as a subspherical body, within a 
zone of rock thermally weakened by the loss of heat from the magma. The ascent of 
this type of intrusion can be described in mathematical terms by the Hot Stokes 
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model (Marsh, 1982). This model takes into account both the mechanical and 
thermal controls on ascent and. indicates the major factor in controlling ascent is 
the rate at which the viscosity of the wall rocks is decreased by heat loss from the 
ascending body. 
The level to which a magma body will rise is controlled by its heat content. 
This governs the volume of wall rock it can heat to a temperature at which its 
viscosity is reduced to a level at which the drag effects (friction between the magma 
and the wall rock) over the surface of the rising pluton are reduced to a minimum. 
Ascent of the granite is largely restricted to the time in which the granite cools 
through its crystallisation interval, since most of the heat lost to the country rock 
is in the form of Latent heat. 
Ascent of the Northern Arran granite above its present level appears to have 
been prevented by its diminishing heat content. In addition, an increase in the 
rate of heat loss from the granite and its aureole due to the proximity of the surface 
and its intersection with the Goat Fell fault probably caused a rapid decrease in 
its ascent velocity. 
The Hot Stokes Model and the calculations for heat transfer from the Northern 
Arran Granite and its aureole provide a framework for investigating the factors 
which need to be taken into account when dealing with the process of diapiric 
ascent. Conclusions drawn from these models and the solutions obtained from 
them must be regarded as entirely model dependent. Hence it should be recognised 
that the results presented here are only as accurate as the models from which they 
are derived. 
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CHAPTER 7 
THE INNER FINE GRANITE 
The preceeding chapters have dealt largely with the structure, geochemistry 
and intrusioii.mechanism of the outer coarse unit of the Northern Arran Granite. 
As noted in chapter 2 the Northern Granite has two components. The inner fine 
granite is the subject of this chapter. 
Gunn {1903) was the first worker to describe the Northern Arran Granite 
as containing a fine grained mass with the same mineralogical content as the 
surrounding coarse granite. The extent of this granite and the geometry of its 
contacts was established after Tyrrell {1928), with alterations by Flett (1942). 
Flett (1942) remains the most detailed account of the geology to date. Woodcock 
& Underhill {1987) suggested the inner granite was forcibly emplaced into the 
outer coarse granite, which resulted in ballooning of the pluton. The evidence for 
. this mechanism of emplacement will be discussed in this chapter. 
7.1 The Structure of the Inner Fine Granite. 
In a detailed paper, Flett (1942) described the general features of the geology 
of the fine granite and a detailed study of the contact between the fine and coarse 
granites. Mapping of the contact between the two granites confirmed the findings 
of Flett (1942), with some exceptions. Although continuous exposure of the con-
tact between the coarse and fine granites is rare its position can be determined 
from adjacent o:utcrops of coarse and fine granite. The geometry of the contact 
can be deduced from the topographic control on its position at the surface. 
In general the contact dips steeply outward (i.e. toward the coarse granite), 
(Fig. 7.1). This can be clearly demonstrated between Glen Catacol and Glen 
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Iorsa. Immediately south of Catacol burn a steeply dipping contact can be traced 
up the NE facing side of Meall nan Damn. Just below the summit of this hill 
the angle of dip of the contact shallows to about 50°. Then the contact can be 
traced first south and then west around the steep south facing slopes of Meallnan 
Damn to the 1000 ft plateau. The next exposures of the contact can be found on 
the north - south trending ridge to the north of Meall Donn (GR 905450). The 
contact can then be traced down the SW facing slopes of Meall Donn indicating 
that the margin of the fine granite dips steeply westward ( ~ 70°) in this area. 
The next good exposures of the contact occur in Glas Chorein, NNW of Beinn 
Bharrainn, from which a steeply west to southwest dipping contact can be followed 
for approximately 3 km in a southerly direction across the NE ridge of Beinn 
Bharrainn toward Glen Scaftigill. The contact is not exposed in Glen Scaftigill 
but can be located just south of the summit of Sail Charmadale (GR 913397) 
where it dips steeply to the SW. 
In Glen Iorsa (Fig. 7.1) the contact cannot be traced accurately due to poor 
exposure. Its position is determined from the general extent of outcrops of coarse 
and fine granite. The original geometry of the contacts on either side of Glen Iorsa 
were established by Gunn {1903) and later corrected by Flett {1942). Mapping of 
the contacts revealed a general agreement with Flett {1942) although the actual 
shape of the fine granite and the orientation of its contact in this area is open to 
interpretation since the only available exposure occurs in a few stream sections. 
The 'tongue' of coarse granite forming the floor of Glen Iorsa described by Flett 
{1942) can be clearly mapped. Its northern termination, 600 m south of Loch na 
Davie, can be located in the bed of the stream which flows south from the loch 
at GR 950450 (Fig. 7.2). Although the actual contact between the coarse and 
fine granites was not exposed, outcrops in the steep banks of the stream indicate 
that the fine granite dips at approximately 60° beneath the coarse. Flett (1942) 
suggested the tongue of coarse granite formed the roof to the fine granite in this 
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Figure 7.1. Map of the outcrop of the fine granite showing the position of the 
localities described in the text. 
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area (Flett, 1942, Fig. 5. & Fig. 7.2). Evidence supporting this interpretation 
was found at GR 947439 where fine grained granite, strongly depleted in Ba and 
Sr (Table 7.1) outcrops in the bed of the Iorsa water beneath coarse granite. This 
fine grained granite is interpreted as being fine granite sensu - stricto rather than 
a fine grained sheet in the coarse granite because it is strongly depleted in Ba 
and Sr but enriched in Rb relative to the coarse granite, which is a distinguishing 
feature of the fine granite (section 7.3). 
Table 1.1. 
Analyses of coarse and fine granite collected from Glen Iorsa at GR 
947349. 
Granite No. 
Coarse granite 4220 
Fine granite 4210 
Ba 
269 
n.d. 
(n.d. not df'lccted, analyses in ppm.) 
Sr 
20 
4 
Rb 
171 
251 
The contact between the coarse and fine granites on either side of the tongue. of 
coarse ~is rarely exposed. Its position, determined from isolated outcrops of fine 
and coarse granite, does not appear to be controlled by the topography, which 
suggests the contact is steeply dipping. On the east side of the glen a vertical 
contact between coarse (to the west) and fine (to_ the ~ast) is exposed at GR 
948431 where it is eroded by a waterfall (Fig. 7.2). Approximately 500 m south 
~f this point the contact appears to swing sharply eastward toward Garbh Coire 
Dubh. The contact is well exposed in the upper part of this corrie on the east 
side of the north ridge of A' Chir where it dips steeply to~ward the coarse granite. 
It can then be followed north eastwards across the col between A' Chir and Cir 
Mhor and then north and northwestward across the head of Glen Sannox toward 
Caisteal Abhail (Fig. 7.3). Approximately 100 m west of the north ridge of A' 
Chir fine granite is seen to overly coarse granite. This contact dips shallowly 
eastward indicating that the fine granite forms an intrusive sheet in the coarse at 
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Figure 7 .3. A map and cross section showing the geometry of the contact between 
the coarse and fine granites east of A' Chir. 
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this point. The edge of the sheet can be traced north and south for about 500 m 
before it is lost in boulders and scree (Fig. 7.3). 
The contact is clearly exposed between Cir Mhor and Caisteal Abhail in the 
back wall of the corrie at the head of Glen Sannox. The steeply eastward dipping 
orientation of the contact is discernable from an abrupt change in weathering 
properties across it. The coarse granite with its widely spaced orthogonal joints 
has resisted erosion but the fine granite, with its more closely spaced joints, has 
been frost shattered and forms a steep scree slope. 
The contact crosses the ridge of Caisteal Abhail to the west of the summit. 
It then runs down the north face of this hill and northwestward across the back 
wall of the Garbh Coire from which it rises to the col between Caisteal Abhail 
and Creag Dubh. The course of the contact again emphasises its near vertical 
orientation. The exaCt position of the contact to the west of the col is difficult 
to determine. With the exception of a few isolated outcrops of coarse and fine 
granite which indicate its general position, it is obscured by peat. 
A sharp vertical contact between coarse granite (to the north) and fine granite 
(to the south) occurs at GR 953474 in Glen Easan Biorach. This junction wa.S 
mapped as the contact between the coarse and fine granites by Gunn (1903) but 
this was disputed by Flett (1942) and the geological survey map was subsequently 
revised. The source of this confusion appears to be that the fine granite becomes 
porphyritic and medium grained to the south of the contact. There is a further 
contact of fine grained granite against the medium grained granite 4 m upstream 
from the first (Fig. 7.4). This fine granite becomes medium grained and then 
gradually passes into normal fine granite approximately 200 m south of the first 
contact. Similar contacts between fine and medium grained granite can be found 
in a tributary stream (the Allt Dubh) to the west of the Easan Biorach. Flett 
(1942) interpreted the medium grained granite as belonging to the coarse and 
hence placed the coarse/fine contact immediately south of the last outcrops of the 
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Figure 7.4. A map and cross section showing the distribution and geometry of 
the internal sheets within the granite in Glen Ei.LSan. The contact between the 
coarse and fine granites has been restored to its original position (after Gunn, 
1903). Localities of samples listed in Table 7.2 are shown on the cross section. 
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medium grained granite, where there is no observable contact in either the Easan 
Biorach or the Alit Dubh. Comparison of chemical analyses of the medium and 
fine grained granites with the coarse granite at GR 953474, Table 7.2, indicates 
that the former are depleted in Ba and Sr and enriched in Rb relative to the coarse 
granite, which is a characteristic of rocks of the fine granite (section 7.3). Hence it 
is concluded that the contact between the coarse and fine granites in Glen Easan 
lies at GR 953474, where it was originally placed by Gunn (1903). 
Table 7.2. 
Analyses of coarse, medium and fine granite collected from Glen Easan 
Biorach at GR 953474. 
Granite No. Ba Sr Rb 
Coarse granite 95471 528 28 151 
Fine granite 1901 30 5 222 
Medium granite 1902 347 20 179 
Fine granite 1903 19 3 258 
Medum granite 1904 183 11 176 
(Analyses in ppm.) 
The vertical contact seen in Glen Easan is not exposed further west. There 
are outcrops of coarse granite on the summit of Beinn Biorach. The contact 
is therefore mapped as skirting the lower slopes of this hill. This requires a 
shallowing of the angle of dip of the contact toward the north which suggests the 
roof of the fine granite may lie at a elevation below that of the summit of Beinn 
Biorach in this area. The next exposure of the contact at GR 930467 is in a gulley 
at the head of an unnamed tributary stream draining into Glen Diomhan. The 
contact is almost vertical at this locality, and it is cut by two basalt dykes. The 
contact can then be traced in a westerly direction toward Glen Diomhan where it 
is exposed at GR 922469. 
The last two exposures are partially obscured by crushing of the fine and coarse 
granites. A zone of crushed granite is shown in Tyrrell (1928), after the work of 
Smith (1896). Although crushing of the fine granite is locally extensive, e.g. at 
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the contacts in Glen Diomham and at one locality in Glen Catacol (GR 918462) 
there is no evidence for the continuous zone of crushed rock indicated by Tyrrell 
(1928). Where it is well developed the crushing occurs on numerous irregular joint 
surfaces formed by cataclasis (Plate 7.1), which suggest the deformation occurred 
when the granite was relatively cool. 
The fine granite shows well developed closely spaced joints which, other than 
those associated with the crushing, are normal or parallel to the present topog-
raphy, which suggests they are the result of unloading. However there is clear 
evidence that some of the joints normal to the surface formed shortly after crys-
tallisation of the granite. In Glen Catacol at GR 916454, in a stream to the north 
of Loch na Davie and adjacent to the contact to the west of the summit of Caisteal 
Abhail conspicuous green griesen veins (Flett, 1942) follow parallel sets of joints, 
normal to the surface. The veins occur over an area of no 111ore than a few ·100 
m2• They are between 1 and 2 em wide and are composed of a 1- 2 mm wide core 
of quartz and kaolinite with 0.5 to 1 em wide margins of chloritised fine granite 
with sericitised feldspar. There is no mineralisation associated with these veins 
and their origin is unclear. They do provide evidence. that the fine granite was 
locally effected by fluid/rock interaction. 
Detailed study of the contact relationships of the coarse and fine granites 
confirmed the interpretations of Tyrrell (1928) and Flett (1942) that the fine 
granite is intruded into, and therefore younger, than the coarse. Where the contact 
is well exposed, on Me all Donn, to the northwest and southeast of Beinn Bharrainn 
and to the west of A' Chir the fine granite is finer grained against the coarse, 
indicating chilling. Veins of fine granite can be traced from the fine into the 
coarse.. Occasional xenoliths of coarse granite in the fine were also noted along 
. 
the contact to the. southeast of Beinn Bharrainn. These xenoliths are restricted to 
the margins of the fine granite and are not seen elsewhere. The contact is always 
very sharp (on a grain size scale) and approximately planar. There is no evidence 
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Plate 7.1. This fine grained granular to micrographic textured granite is cut 
by closely spaced joints along which cataclastic (grain reduction) deformation has 
occurred. Incipient joints or fractures can be seen cutting some of the crystals in 
the lower part of the photomicrograph. Fine granite, No. 2600a, Glen Catacol. 
Width of field = 3.5 mm, crossed polars. 

of any deformation of the coarse and fine granites adjacent to the contact (with 
the exception of crushed contacts in Glen Diomhan) which might indicate forceful 
emplacement of the fine granite into the coarse, and would imply that the granite 
'ballooned' as suggested by Woodcock & Underhill (1987). Neither the coarsef>r 
. 
the fine granites show a foliation, although the fine granite often contains bands 
of un-orientated biotite parallel and adjacent to the contact. The sharp planar 
nature of the contact arid the veining of the coarse granite by the fine granite 
suggests the coarse granite was solid, or had the rheological properties of a solid 
during intrusion of the fine granite. The veins of fine granite cutting the coarse 
granite show no evidence of later deformation, e.g. they are not folded or faulted. 
On the basis of these observations, which are consistent along the contact, it is 
concluded that the fine granite was passively emplaced into the coarse granite. 
The actual mode of emplacement of the fine granite will be discussed in section 
7.4 after examination of its petrographic and geochemical features 
7.2 The Petrography of the Fine Granite. 
Over most of its outcrop the fine granite is a texturally homogeneous uniformly 
fine grained slightly drusy biotite granite, which is locally porphyritic. However 
in Glen Catacol and Glen Diomhan and on the north and west sides of Beinn 
Tarsuinn a series of continuous sheets within the fine granite can be clearly mapped 
(Fig. 7.5). With the exception of a sheet parallel to the coarse/fine contact in 
Glen Diomhan, these sheets are of fine granite which becomes drusiform toward 
ovulyt"9 
the base of the~sheet all en: (Fig. 7.6), and are typically 30 to 50 m thick. The 
contacts between individual sheets are gradational. No clear discontinuity could 
be found at the top of any of the drusy horizons, which suggests the earlier sheets 
were still unconsolidated at the time the following sheet was intruded. The sheet 
parallel to the coarse/fine contact in Glen Diomhan differs from the others in that 
it is porphyritic. In hand specimen it is indentical to the porphyritic medium 
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Figure 7.5. A detailed map showing the distribution of the drusiform sheets 
in the fine granite in Glen Catacol and Glen Diomhan. Ba and Sr concentra-
tions measured in samples collected from the sheets are shown adjacent to sample 
numbers (upper figure - Ba, lower figure - Sr ). 
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grained rock that can be mapped adjacent to the coarse granite in Glen Easan 
(section 7.1 & Fig. 7.4). It is not possible to deduce whether the two rocks form 
a continuous sheet along the inner margin of the contact, due to poor exposure. 
In Glen Diomhan the porphyritic medium grained sheet is clearly part of the fine 
granite since· a sheet of fine granite lies between it and the contact between it 
COo. ilL. 
and the~ granite (Fig. 7.5). On the basis of this evidence it would appear 
that the medium grained granites in Glen Easan could also be a facies of the fine 
granite, rather than the coarse as suggested by Flett (1942). This would ·confirm 
that the coarse/fine contact in Glen Easan does occur at GR 953474, where it was 
originally placed by Tyrrell (1928). 
Mapping of the o~i'~11tation of the drusiform sheets and their distribution (Fig. 
7.5) indicates that they are steeply dipping and approximately parallel to the 
coarse/fine contact oil the west side of Glen Catacol and the north side of Glen 
Diomhan. To the south of Glen Diomhan, east of Catacol burn and on the slopes 
of Beinn Tarsuinn the sheets~ either dip shallowly toward the coarse granite 
or they are approximately horizontal. In Glen Catacol drusiform horizons can be 
mapped with steep contacts against non-drusiform fine granite, which are contin-
uous with shallowly dipping sheets exposed on the lower slopes of Beinn Tarsuinn. 
These sheets parallel the contact between the coarse and fine granites which im-
plies that the fine granite had an originally flat roof in the Beinn Tarsuinn area 
at a level only a few hundred metres above the present surface (Fig. 7.6). The 
continuation of some of the sheets could clearly be verified from detailed field 
mapping. However it is clear that more sheets are exposed on the east side of 
Glen Catacol than on the west, where exposure is equally as good. This makes 
attempts to extrapolate individual sheets difficult, and hence it is concluded that 
some of the sheets are laterally impersistent (Fig. 7.5). 
In hand specimen the granite is a pale grey colour when fresh, which weathers 
to a powdery white or pink. It is uniformly fine grained, (grain size varies between 
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1 and 3 mm), and granular, and is composed dominantly of quartz and feldspar 
in a ratio of approximately 2:3. Biotite content is very low. When Biotite occurs 
it usually forms platy crystals up to 1 mm across. Occasionally the rock is por-
phyritic (few samples were completely devoid of phenocrysts). The phenocrysts, 
dominantly of quartz with subsidiary feldspar are euhedral and vary in size be-
tween 2 and 6 mm. With the exception of the porphyritic sheet in Glen Diomhan 
field relationships between porphyritic and non-porphyritic granite were difficult 
to determine due to poor exposure. 
Thin section examination of the rocks revealed that the fine granite is gener-
ally composed of a hypidiomorphic granular intergrowth of quartz, orthoclase and 
albite with minor amounts of biotite and accessory zircon and magnetite. Its grain 
size varies between 0.5 and 4 mm, with an average of about 1 mm. Phenocrysts of 
quartz, orthoclase and occasionally albite occur as euhedral to subhedral crystals 
between 2 and 6 mm across. Orthoclase phenocrysts commonly have granophyric 
overgrowths of quartz and orthoclase, and contain inclusions of quartz. The phe-
nocrysts are rarely zoned. The groundmass of the granite is usually a granular 
intergrowth of anhedral quartz and feldspar (Plate 7.2) but micrographic and gra-
nophyric intergrowths of quartz and feldspar are common (Plate 7.3). Some rocks 
clearly show a gradation between these textures with patches of granophyric gran-
ite surrounded by granular granite. Platy crystals of biotite, which occurs as an 
early groundmass phase, are usually partially enclosed by groundmass quartz and 
feldspar. The groundmass orthoclase is commonly perthitic, and forms anhedral 
crystals between quartz and plagioclase. Groundmass plagioclase is albitic in 
composition (from optical determinations) and forms subhedral tabular crystals. 
Rare accessory zircon and magnetite are only found in association with biotite. 
Magnetite may have formed by oxidation of the biotite, as in the coarse granite. 
Zircons are contained within the biotite and can usually be identified by pleochroic 
haloes. 
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Plate 7.2. This photomicrograph illustrates the typical hypidiomorphic granular 
texture of the fine granite. The rock is largely composed of subhedral to anhedral 
crystals of quartz, orthoclase and albite (together with minor amounts of biotite, 
not present in this view). In common with much of the fine granite this sample is 
slightly granophyric. Fine granite, No. 92461. Width of field = 3.5 mm, crossed 
polars. 
Plate 7 .3. \Vell developed granophyric to micrographic texture in the fine gran-
ite. This sample was collected from a drusy horizon which is thought to have 
crystallised rapidly following volatile exsolution. Fine granite, No. 93463. Width 
of field = 3.5 mm, crossed polars. 

This general description confirms the conclusions of previous workers (Tyrrell, 
1928; Flett, 1942) that the fine granite is a mineralogically fine grained equivalent 
of the coarse granite. Visual estimations of the modal composition of the fine 
granite suggest it is composed of approximately 40% quartz and 60% feldspar 
with minor amounts of biotite. Some of the more porphyritic facies of the fine 
granite are superficially similar to some of the rocks of group 3 of the coarse 
granite, but the fine granite can be identified on the basis that its groundmass is 
finer grained and commonly granophyric. The group 3 rocks have a medium to 
fine grained groundmass with a granular texture. 
The drusiform sheets have a number of petrographic features which distinguish 
them from the normal fine granite (as described above) into which they grade. 
Apart from being conspicuously drusiform, some cavities lined with smoky quartz, 
feldspar, biotite and unidentified zeolites are up to 2 em across, these rocks are 
usually granophyres. The well developed granophyric texture is interpreted as the 
result of rapid cooling of the magma by volatile exsolution which promoted rapid 
simultaneous crystallisation of quartz and orthoclase (Smith, 1974). Some of the 
rocks are notably porphyritic (e.g. the sheet parallel to the coarse/fine contact 
in Glen Diomhan). The groundmass becomes increasingly granular across the 
transition from drusiform to non-drusiform rock suggesting the granular texture 
developed during slower cooling. The drusiform rocks also contain a lower modal 
fraction of mafic phases than the non-drusy rocks which are richer in biotite (visual 
determination). This would be consistent with the crystallisation of biotite being 
controlled by the concentration of dissolved water in the magma. 
The fine granite shows no evidence of deformation apart from the cataclastic 
crush rocks in Glen Catacol and Glen Diomhan. Neither the phenocrystsZor 
the groundmass quartz show undulose extinction which would indicate they have 
been stressed. Occasional distorted flakes of biotite were recorded but there was 
no other flHter evidence of strain in the rocks in which they occur. Clusters of 
1G8 
quartz and feldspar separated by thin films of feldspar and quartz similar to those 
described from the compacted rocks of the coarse granite were also noted but 
there is no evidence of widespread compaction of the fine granite. 
To summarise. The fine granite has the same mineralogical composition as the 
surrounding coarse granite. It is a fine grained, occasionally porphyritic rock, com-
posed of quartz and orthoclase, albitic plagioclase and minor amounts of biotite. 
Phenocrysts of quartz, orthoclase and rarely albite indicate that these phases may 
have been involved in fractionation of the magma. No systematic variations in 
texture across the intrusion are seen, apart from a series of sheets of fine granite 
passing upward into drusiform fine granite which mirror the contact between the 
fine and coarse granite in Glen Catacol and Glen Diomhan. 
7.3 Major and Trace Element Geochemistry of the Fine Granite. 
Chemically the fine granite is very similar to the coarse granite (described in 
section 5.3). The average and range of major and trace element compositions of 
the fine granite are given in table 7.3. Like the coarse granite the fine granite 
is extremely silica enriched and has a high aluminium content. In general the 
range of major element compositions of the two granites is very similar. The 
fine granite may be considered to be slightly more evolved on the basis of lower 
average CaO and higher average Na20 (Fig. 7.7), and Si02. The higher Ah03 
content of the fine granite suggests it may be more contaminated than the coarse 
granite. In this case the high Al203 content cannot be the result of kaolinisation 
since all the samples analysed were fresh. The trace element composition of the 
fine granite is very similar to the coarse granite with the noteable exceptions of 
Ba, Sr, and Rb. Ba and Sr are depleted and Rb enriched in the fine granite 
relative to the coarse granite. This suggests the fine is more strongly fractionated 
than the coarse. These differences and similarities between the two granites are 
illustrated on an incompatible element plot (Fig. 7.8). This figure shows there 
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TABLE 7.3 
Average and range of major and trace element compositions for 
the Northern Arran Fine Granite. 
Element Average Range 
Si02 77.26 74.70 - 81.12 
Ti02 0.07 0.04- 0.32 
Ah03 12.74 11.52- 14.01 
Fe203 1.08 0.81 - 3.61 
MgO 0.03 0.00- 0.13 
CaO 0.27 0.02- 1.26 
Na20 3.63 2.97 - 4.50 
K20 4.88 3.69- 5.39 
Mn02 0.03 0.00- 0.07 
P20s 0.01 0.00- 0.07 
Ba 81 0- 843 
Nb 38 24- 48 
Zr 131 90- 406 
y 69 4- 176 
Sr 9 3- 41 
Rb 219 147 - 297 
Zn 42 23- 102 
Cu 12 10- 17 
Ni 5 1- 8 
Pb 28 24- 34 
u 3 1- 4 
Th 23 15- 30 
v 3 0- 14 
Cr 10 5- 31 
Nd 46 14- 118 
La 35 13- 89 
Ce 76 30- 207 
K/Rb 187 27- 283 
Total Fe given as Fe20 3 • Major oxides as wt %, trace clements in ppm. 74 samples. 
Figure 7.7. Na20 (wt %) plotted against CaO (wt %) for the coarse and fine 
granites. (Coarse granite - squares, fine granite - triangles.) 
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Figure 7.8. Chondrite normalised incompatible element diagram showing the 
average concentrations of selected major anc.l trace elements from the fine and 
coarse granites. (Coarse granite - squares, fine granite - triangles.) Normalisation 
factors from Thompson (1982). 
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is little variation in the concentration of elements not involved in fractionation in 
either of the granites, but considerable variation in the elements partitioned into 
phenocryst orthoclase and plagioclase or enriched in the melt. It was argued in 
section 5.3.2 that the variation in chemistry of the granites is due to crystallisation 
and then separation of phenocrysts from the magma. Increased fractionation of 
plagioclase in the fine granite (and hence increased depletion of Sr) is confirmed 
by REE data (Meighan, 1979) which indicates that it has a larger Eu anomaly 
(Eu/Eu* = 0.06) than the coarse granite (Eu/Eu* = 0.37), (Fig. 7.9). 
These data all indicate that the fine granite could be a more fractionated 
portion of the same magma body that rose to form the coarse granite. The fine 
granite is clearly a separate body to the coarse since it intrudes it, but it is possible 
that it represents acid magma which remained at depth as the bulk of the coarse 
granite began its ascent. Resolution of this question is difficult because essentially 
the two granites have the same history. They are both evolved from the same 
mantle derived basaltic source which would potentially have been contaminated 
by partial melts of the same crustal rocks before and after differentiation. 
The isotope data of Dickin et al. (1981) does not provide a solution to this 
problem (as might be expected for two granites with the same evolution). Age 
dating by Dickin et al. (1981) using the Rb/Sr method showed that isotope data 
for the two granites plotted on the same isochron and hence any difference in age 
cannot be resolved by this method. The same workers analysed samples of the 
coarse and fine granites for 206 Pbj204Pb and 87Srj86Sr (section 5.3.1). These data 
showed that the two granites have almost identical Ph isotope compositions (Fig. 
5.6) which Dickin et al. (1981) attributed to post differentiation contamination 
of the acid magma. The slightly higher average 87Srj86Sr ratio of the fine granite 
(0.71733) compared with the coarse granite (0.71547) is compatible with the fine 
granite being slightly more fractionated (Sr depleted) when it was contaminated. 
This implies that the granites were separate bodies at the time this contamination 
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Figure 7. 9. Chondrite normalised Rare Earth element plots for the fine and 
coarse granites. (Coarse granite- squares, fine granite- triangles.) Normalisation 
factors from Nakamura ( 1982), data from Meighan (1979). 
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occurred. However there is an overlap in the 87Srj80Sr composition of the two 
granites, and the fact that their 200 Pbj204 Pb ratios are the same does not rule out 
that they may originate from the same granitic source. It is clear from the isotope 
data that the fine granite did fractionate a substantial amount of plagioclase 
(or another Sr bearing phase) after contamination. Had the fine granite become 
strongly fractionated (Sr depleted) before contamination its 87 Sr j 86 Sr isotope ratio 
would have been significantly effected by the addition of partial melts of isotopicaly 
different Sr. Therefore if the fine granite had been contaminated by partial melts 
of any of the crustal rocks in the Midland Valley following differentiation it would 
have a significantly different isotope composition to the coarse granite, which it 
does not. 
On the basis of the field data, the coarse and fine granites will be treated as 
having risen separately. It is not possible to determine on the basis of the available 
trace element and isotope data whether they originated from the same or separate 
bodies of magma. 
The fine granite has the same Rb, Th and K enriched incompatible element 
pattern as the coarse granite (Fig. 7.8). This enrichment pattern was used to 
show that the coarse granite was derived from a basaltic parent contaminated by 
partial melts of crustal rocks (section 5.3.2). The further enhanced concentration 
of Rb in the fine granite, relative to the coarse, is clearly resolvable on a plot of Rb 
agai1~st Si02 (Fig. 7.10). This is interpreted as the result of concentration of these 
elements in the melt during extreme fractionation, which is indicated by the very 
low Ba and Sr contents and low K/Rb of the fine granite relative to the coarse 
granite (Figs. 7.11, 7.12 & 7.13). The plots of Ba and Sr against Si02 indicate 
that the fine granite has fractionated a significant amount of quartz. This can be 
confirmed from plots of Ba and Sr against Rb. Rb in the fine granite increases 
rapidly with falling Ba and Sr (Figs. 7.14 & 7.15) but silica falls with falling 
Ba and Sr. This indicates that quartz is being depleted more rapidly than the 
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Figure 7.10. Rb (ppm) plotted against Si02 (wt %) for the coarse and fine 
granites. (Coarse granite- squares, fine granite- triangles.) 
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Figure 7.11. Ba (ppm) plotted against Si02 (wt %) for the coarse and fine 
granites. (Coarse granite - squares, fine granite - triangles.) 
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Figure 7.13. Ti02 (wt %) plotted against K/Rb for the coarse and fine granites. 
(Coarse granite- squares, fine granite- triangles.) 
J 
lfl 
N 
. 
0 
0 
N 
. 
0 
0 
0 
0 
0 0 8 
0 
0 
0 
a I 
0 
0 
0 0 
t> 0 0 0 
o B o 
c 8 
0 g 
~ 
B 
0 0 
0 0 
0 8 
o B o 
0 
0 0 0 
0 0 
0 0 
lJ1 0 
. . 
0 0 
%1Hf\ cOil 
0 
0 
lJ1 
0 
. 
0 
0 
0 
0 
0 
0 
. 
0 
0 
lJ1 
r<'l 
0 
0 
r<'l 
0 
lfl 
N 
0 
0 
N 
0 
lfl 
0 
0 
Figure 7.14. Ba (ppm) plotted against Rb (ppm) for the coarse and fine granites. 
(Coarse granite - squares, fine granite - triangles.) 
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feldspars, which could be accounted for by the difference in the specific gravities 
of the fractionating phases (section 5.3.2). The plots of Ba and Sr against Rb 
indicate that the fine granite has approximately the same evolution trend as the 
coarse granite. 
The range of falling Ba and Sr concentrations against increasing Rb in the fine 
granite is narrow but does clearly show a parabolic trend which is consistent with 
crystal fractionation. Petrographic data indicates that the chemical variation 
in the rocks is controlled by separation of phenocrysts of feldspar and quartz, 
which is consistent with the variations in major and trace element composition 
(Figs. 7.11 to 7.15). Furthermore the porphyritic to fine grained texture of the 
coarse granite indicates that it crystallised from a crystal bearing liquid. This 
is clearly not compatible with evolution by sidewall crystallisation (section 5.3.2) 
and hence it is concluded that the fine granite crystallised from a liquid evolved by 
fractional crystallisation. Figure 7.16 indicates that if this is the case the coarse 
and fine granites must have had different initial Ba, Sr and Rb compositions 
and the apparent continuation of the fine granite on the evolution trend of the 
coarse granite is purely coincidental. The evolution curve for a liquid fractionating · 
orthoclase and plagioclase (with complete separation of crystals from the liquid) 
lies to the right of the evolution trend of the fine granite (which contains some 
phenocrysts, and hence represents liquid plus a small volume of trapped solid) 
(Fig. 7.16). This curve predicts a different initial liquid composition for the fine 
granite to the initial composition used to derive evolution curves for sidewall 
crystallisation of the coarse granite (section 5.3.2). Hence it can be concluded that 
the coarse and fine granites are derived from compositionally different liquids, on 
the basis of the theoretical models which predict their chemical evolution. This 
conclusion cannot be verified by the other data discussed above and consequently 
will be treated with caution. 
The narrow range of variation in those elements concentrated in the fraction-
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Figure 7.16. Figure showing the modelled fractional crystallisation path for the 
fine granite compared with the sidewall crystallisation path of .the coarse granite. 
The two models predict different initial trace element compositions for the liquids 
crystallising the coarse and fine granites. (IC - initial composition of the coarse 
granite, IF - calculated initial composition of the fine granite.) 
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ating phases (i.e. Ba and Sr in orthoclase and plagioclase respectively) indicates 
that the fine granite crystallised from a liquid with a low phenocryst content. This 
is consistent with the observation that the fine granite is generally non-porphyritic. 
It was shown for the coarse granite that the compositional range of a pluton is 
considerably extended during crystallisation of magmas which evolve by in-situ 
crystal fractionation (section 5.3.2). The retention of phenocrysts to produce por-· 
phyritic species of the fine granite indicates that the rate of crystallisation, or 
rate of migration of the crystallisation front, exceeded the rate at which crystals 
were separating from the melt. This implies that complete separation of phe-
nocrysts had occurred in the non-porphyritic rocks; or that the non-porphyritic 
rocks never contained phenocrysts. The latter case is favoured since separation of 
crystals from granitic melts is inhibited by the low differences in density between 
the crystals and the melt (section 5.3.2). Hence it is thought that the fine granite 
solidified by equilibrium crystallisation, in the sense that only limited separation 
of crystals and liquid occurred during the final stages of crystallisation. Conse-
quently variations in the composition of the fine granite are thought to reflect the 
magma composition immediately before final crystallisation but following frac-
tionation of plagioclase, orthoclase and quartz. This is indicated by analyses of 
the sheets of magma in Glen Catacol and Glen Diomhan (Fig. 7.5) which have 
a range of compositions which show no clear trend with the interpreted order 
D. 
of emp~ement. This is thought to indicate that these sheets were derived by 
tapping of a predominantly liquid body of magma in which variations in compo-
sition occurred due to irregular distributions of phenocrysts. The remainder of 
the fine granite shows no spatial variation in texture or chemistry and hence it i.s 
interpreted as a homogeneous body. 
CIPW norms for the fine granite plotted on a diagram of normative quartz 
- albite - orthoclase indicate a crystallisation pressure of between 1 and 2 kbar 
(i.e. at a depth of 3 - 6 km) (Fig. 7.17). This pressure is clearly higher than that 
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Figure 7.17. A plot of normative quartz - albite - orthoclase for the Northern 
Arran fine granite (shaded), showing the variation in the position of the minimum 
melting point composition with falling pressure (after Tuttle & Bowen, 1958). 
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for the coarse granite, (0.5- 1 kbar) although it is clear that the fine granite was 
intruded at the same structural level. However the crystallisation pressure may be 
anomalous. As noted above the fine granite has fract~onated quartz, and as a result 
would be enriched in normative and modal feldspar, which would account for the 
higher Al203 content of the fine granite. This would cause normative analyses of 
the fine granite to plot below the minimum melting point, within the feldspar plus 
liquid field of the system quartz - albite - orthoclase, and hence indicate anomalous 
crystallisation pressures. The silica enrichment of the fine granite indicated by its 
high Si02 composition and fractionation of phenocryst quartz is thought to have 
resulted from the same polybaric fractionation mechanism invoked to cause silica 
enrichment in the coarse granite. However in the case of the coarse granite the 
less extensive fractionation of feldspars caused the evolving liquid to reach the 
minimum melting point composition at a shallower depth (and lower pressure) 
than that at which the fine granite is now intruded. This would account for the 
increased fractionation of quartz in the fine granite relative to the coarse granite. 
The similarity in major element, trace element and isotope composition of the 
fine granite to the coarse granite indicates that the fine granite evolved by the 
same process of differentiation of a crustally contaminated basaltic magma as the 
coarse granite. Because of this similarity it is not possible to resolve whether the 
coarse and fi1ie granites are derived from the same or different bodies of granitic 
magma. The fine granite is clearly intruded into the coarse granite which indicates 
that it rose as a separate body after emplacement of the coarse granite. Variations 
in Ba, Sr, Rb and Eu between the two granites indicate that the fine granite had 
a separate post differentiation history to the coarse granite. Low concentrations 
of Sr and Eu in the fine granite indicate that it fractionated substantial amounts 
of plagioclase following differentiation and contamination. The depletion of Ba 
indicates extensive fractionation of orthoclase following contamination. Fractional 
crystallisation of the fine granite magma would have caused the observed Rb 
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enrichment. 
The petrographic and trace element data is consistent in indicating that the 
fine granite crystallised from a liquid precipitating plagioclase, orthoClase and 
quartz. If the compositi<?n of the fine granite represents a liquid evolved by frac-
tional crystallisation the composition of its parental magma would have a different 
initial trace element composition to the parent magma of the coarse granite. The 
narrow range of compositions shown by the fine granite indicates that it solidi-
fied by equilibrium crystallisation after it was intruded into the coarse granite. A 
lack of a systematic variation in the composition of the intrusive sheets in Glen 
Catacol with their sequence of emplacement suggests the fine granite was initially 
emplaced by repeated tapping of a body of magma containing inhomogeneous 
concentrations of fractionating orthoclase, plagioclase and quartz crystals. 
The fine granite shows a trend of falling silica with increasing fractionation. 
This is interpreted as the result of fractionation of quartz after polybaric fr~~ 
tionation during ascent had caused supersaturation of silica in the magma. This 
results in an anomalous crystallisation pressure for the fine granite. 
7.4 The Emplacement of the Fine Granite. 
Field mapping, petrographic and chemical data indicate that the fine granite 
magma was passively emplaced into the coarse in a predominantly liquid form. 
Sheets of drusiform granite parallel the walls and the roof of the intrusion in Glen 
Catacol and Glen Diomhan. The emplacement of these sheets suggests initial 
intrusion of the fine granite magma was sporadic and occurred in response to 
intermittent opening of the space into which it rose. These sheets appear to pass 
gradually into homogeneous fine granite which suggests that the final stage of 
emplacement of the granite was short and involved movement of the fine granite 
magma into a rapidly opening space. 
The emplacement of the fine granite does not appear to have been permitted 
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by stoping of the coarse granite since the fine granite only contains xenoliths of 
coarse granite along its margins, neither does its intrusion appear to have been 
permitted by upward movement of a block of coarse granite as there is no evidence 
of faulting along the contact between the two granites. The junction between the 
coarse and fine granites is always continuous where it shallows to form the roof 
to the fine. Consequently it is concluded that the fine granite is intruded into the 
space resulting from the subsidence of a large block of coarse granite. 
Intrusions formed by the rise of magma into a space created by the subsidnce 
of a block of pre-existing igneous or crustal rock are generally referred to as ring 
dykes. The concept of ring dykes was first described by Clough et al. (1909) to 
explain the structure of the Glen Coe complex, and was later applied to many of 
the British Tertiary intrusive complexes (Richey, 1932), notably in Mull (Bailey 
et al., 1924), Ardnanmrchan (Richey & Thomas, 1930) and the Mourne moun-
tains (Richey, 1928), and was examined mathematically by Anderson (1936). The 
concept of a subsiding block forming the space for intruding magma is not en-
tirely valid. The subsiding block is rarely identified in many central complexes, 
e.g. Ardnamurchan and the eastern Mournes, although some examples are known, 
e.g. Loch Ba (Isle of Mull). Furthermore the subsidence of a central block does 
not create new space for the magma. It only redistributes the volume of magma 
in the crust. The subsiding block must fill the space left by the magma upwelling 
around it. Space for the magma prior to subsidence must be created by other 
(10 
means. In the case of the Northern Arran granite it is prciSed that the space was 
created by crustal extension and initial diapiric ascent of the coarse granite, which 
is discussed in chapter 8. 
The fine granite magma appears to have risen beneath the coarse granite after 
the latter had solidified. It is envisaged that a combination of contraction of the 
coarse granite during cooling, extensional regional stresses and a low magmatic 
pressure in the liquid fine granite would result in the base of the coarse gran-
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ite becoming unsupported from below, which would allow it to begin to subside. 
Once initial subsidence began fine granite magma would flow up the initial frac-
ture in order to accommodate the downward movement of the block of coarse 
granite into the reservoir of fine granite below (Fig. 7.18). The presence of the 
fine grained sheets in Glen Catacol and Glen Diomhan suggest that the initial 
fracturing occurred along the north and northwest margins of the fine granite and 
propagated east and south respectively. Intermittent extension of the fracture 
caused intermittent upwelling of fine granite magma into the fraGture and across 
the top of the subsiding block of coarse granite against the lower and inner walls 
of previously injected, but unconsolidated, sheets of fine granite. Rapid cooling of 
the magma would have resulted in exsolution of water and subsequent chilling of 
the magma to produce drusiform granophyric fine granite. As the thermal gradi-
ent decreased the inner parts of the sheet would cool more slowly to produce fine 
grained non-drusiform granite. 
Initial subsidence of the coarse granite block at its NW corner would require 
it to rotate toward the SE. This would only permit a small amount of subsidence, 
before the block would have to move vertically, because there would be no space 
for it to rotate into. Rotation of the block would result in tensional stresses and 
fracturing above the point about which it hinged. This would cause the developing 
ring fracture to propagate toward the SE corner of the coarse granite in order to 
release the stresses and allow vertical collapse of the block (Fig. 7.18). The fine 
granite magma would flow rapidly into the space created by the collapse of the 
block to maintain the volume of the crust, and the block would occupy the space 
originally filled by the magma. Intermittent collapse of the block at this stage 
could lead to the development of additional sheets of drusiform granite. Field 
evidence (section 7.1) indicates that the roof of the granite is irregular. The 
tongue of coarse granite in Glen lorsa, which overlies the fine granite (section 7.1) 
may have subsided during collapse of the central block, but there is no evidence 
177 
Figure 7.18. Diagmm illustrating the envisaged mechanism of emplacement of 
the fine granite as a ring dyke. 
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to support this view. The horizontal sheet of fine granite cutting, and overlying 
the coarse granite to the west of A' Chir is interpreted as a failed extension of the 
roof of the granite. 
7.5 Conclusions. 
The fine granite is chemically very similar to the coarse granite, but has a 
strongly contrasting structure, texture and style of emplacement. 
The fine granite evolved by differentiation of a basaltic parent contaminated 
with partial melts of lower crustal rocks. Following differentiation the magma 
was contaminated by small volumes of low percentage partial melts of Dalradian. 
Subsequently it fractionated large volumes of orthoclase and plagioclase during 
~cent which resulted in supersaturation of quartz, which then joined the feldspars 
on the liquidus. Hence the chemical characteristics of the fine granite evolved as a 
result of its origin and ascent through and interaction .with the crust in a similar 
way to the coarse granite. 
In contrast to the coarse granite, the fine granite is passively emplaced. Initial 
intermittent collapse of an unsupported block of coarse g~anite into an underlying 
reservoir of fine granite magma was followed by rapid vertical movement of the 
block once it had become completely detached, from the rest of the coarse granite, 
resulted firstly in sheets of fine granite being emplaced into the coarse followed by 
passive injection of a large generally homogeneous body of magma. Petrographic 
data indicates that the magma was emplaced in a dominantly liquid state and 
that it cooled rapidly. Local variations in chemistry are considered to be due to 
inhomogeneous concentrations of phenocrysts in the liquid trapped during post 
emplacement equilibrium crystallisation of the magma. 
It is clear form these conclusions that the contrast in granite types seen in 
Northern Arran is entirely the result of contrasting mechanisms of emplacement. 
This confirms the conclusions of chapter 5 that magmas originating from the same 
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source and ascending through and interacting with the same column of crust will 
' 
have the same chemical features. These characteristics are then overprinted by 
aspects of their evolution related to their emplacement and final crystallisation. 
In this case the variations in texture are due to different mechanisms of crystalli-
sation. The coarse granite is a much larger body than the fine and hence would 
have a lower surface area to volume ratio. Consequently its capacity to lose heat 
to its wall rocks would be lower than the smaller body of fine granite. This would 
reduce the rate of cooling of the coarse granite magma which controls crystal size 
and nucleation rates .and sites and hence the texture of the crystallising granite. 
The reason why the coarse and fine granites of North Arran have different 
emplecement mechanisms will be discussed in the next chapter. The similarity in 
chemical composition of the two granites suggests their mechanism of ascent was 
the same, since their chemistry indicates they have interacted with the crust in 
an identical way. Consequently the variation between the two granites appears to 
be related to processes acting during the final stages of emplacement rather tha~ 
at the source or ascent stage of their evolution. 
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CHAPTER 8 
THE ASCENT AND EMPLACEMENT OF GRANITIC MAGMA: 
IMPLICATIONS FROM A STUDY OF THE NORTHERN ARRAN GRANITE 
This chapter combines the conclusions drawn from the preceding chapters 
and integrates them to produce a model for the ascent and emplacement of the 
Northern Arran Granite. The remainder of this chapter discusses the implications 
of some of these conclusions and the model derived from them for· present and 
future studies of granitic magmas. 
8.1 An Integrated .Structural and Petrological Model for the Ascent of 
the Northern Arran Granite. 
A diagrammatic summary of the ascent and emplacement of the Northern Ar-
ran Granite is given in Fig. 8.1. The emplacement of the fine granite is illustrated 
in Fig. 7.18. 
The granitic magma from which the Northern Arran granite is derived was 
evolved at a depth of approximately 11 km by differentiation of basaltic magma 
contaminated by partial melts of granulite facies (?Grenvillian) ~iddle crust (sec-
tions 5.3.1 & 5.3.2 and Fig. 8.1a & 8.1b). Emplacement of the basic magma 
into the lower crust was permitted by crustal extension which is recorded by the 
presence of Early Tertiary basic dykes at the surface (Chapter 2 and Fig. 8.1a). 
The chemistry of the coarse granite indicates that it suffered only slight con-
tamination during its ascent through the Dalradian rocks overlying the middle 
crust (sections 5.3.1 & 5.3.2 and Fig. 8.1c). This indicates that the granite be-
haved as a closed system and was essentially isolated from its wall rocks during 
its ascent. This eliminates ascent of the granite by stoping and/ or assimmilation 
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Figure 8.1 A schematic diagram summarising the ascent and emplacement of the 
Northern Arran coarse granite. The emplacement of the fine granite is illustrated 
in figure 7.18. 
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of country rock. Minimal stoping is consistent with the lack of xenoliths found in 
the granite at the present level of exposure. 
Data collected at the present level of exposure of the granite indicates that 
it rose through the crust surrounded by a narrow thermal aureole in which rocks 
adjacent to the granite were heated to the point at which they attained a plastic 
rheology (Chapters 3 & 4). This is consistent with the ascent of the granite as a 
diapiric body of magma driven by bouyancy forces (Fig. 8.1c & 8.1d) (Chapter 
6). The rate of ascent was controlled by the rate of heat loss from the granite 
(due to cooling and the release of latent heat of crystallisation) which controlled 
the rate at which the viscosity of the wall rock, and hence drag over the surface 
of the body, was reduced (Chapter 6). Crystallisation during ascent (releasing 
latent heat) is confirmed by chemical evidence which indicates that the magma 
became saturated in silica as a result of polybaric crystallisation (section 5.4). 
This process controlled the subsequent crystallisation of the magma, which will 
be discussed further below. This model for the early evolution and ascent of the 
Northern Arran granite is constrained by geochemical and geophysical data, and 
theoretical modelling. 
Structural data can be used to demonstrate that the granite intersected the 
hinge of the Aberfoyle synform during its ascent, deflecting the SW limb of the 
fold outwards toward the south and east parallel to the surface of the magma 
body. The granite intersected the SE dipping NW limb of the Aberfoyle synform 
at approximately 90°. Upward deflection of this limb around around a hinge 
parallel to the margin of the granite produced a monoformal structure which is 
referred to as the Catacol synform (Chapter 4 and Fig. 8.1d). The interpretation 
of this phase of ascent of the coarse granite and the deformation of its aureole is 
restricted to the interpretation of the strains recorded in those structures which 
have well constrained pre-intrusion geometries which project across the axis of 
ascent of the granite at depth. 
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Deformation of the aureole of the Northern Arr.an granite by ballooning (in-
situ expansion) can be eliminated because the ballooning process could not pro-
duce the observed uplift of the NW limb of the Aberfoyle Synform without some 
vertical movement. Structures in the NW limb of the Aberfoyle synform do not 
record a combination of contractional and extensional strains consistent with it 
rotating through a flattening strain field normal to the surface of the granite 
(Chapter 4). 
The Catacol synform and the zone of softened rocks adjacent to the granite 
are cut by a system of linked thrust and normal faults and extensional shears 
respectively. Principal stress orientations determined from these structures and 
kink bands in the opposing limbs of the Catacol synform indicate that these struc-
tures represent pure flattening strains without further concentric folding (Chapter 
4). A set of dextral strike slip faults to the south of the granite and a major com-
ponent of sinistral displacement· on the reactivated Goat Fell fault, forming the 
eastern margin of the northern granite, record radial and tangential expansion of 
the granite which reflects a change in the shape of the pluton after it came to rest. 
This is contemporaneous with the radial flattening across the Catacol synform to 
the north and west of the granite (Chapter 4 and Fig. 8.1e). 
The granite does not contain a fabric resulting from strong deformation of 
a crystal-liquid mush which indicates that the magma behaved rheologically as 
a liquid (i.e. it was <70% crystallised) during ascent and emplacement, so that 
stresses within it were hydrostatic (section 5.5). Consequently the radial expan-
sion of the intrusion following ascent must be explained by the flow of a liquid 
body of magma. It would appear that the ascent of the body ceased because 
the upper parts of the body reached a level at which their density was equal to 
that of the surrounding rocks and hence the bouyancy forces on this region of 
the body fell to zero or because the aureole of the granite suffered rapid cooling, 
and therefore a rapid increase in viscosity, possibly through heat loss along the 
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Goat Fell fault. In either case the liquid in the lower portion of the pluton would 
continue to rise bouyantly until it reached equilibrium. In order to accommodate 
this upward flow it would be necessary for the granite to spread laterally, if it 
could not rise vertically. Lateral expansion would result in the observed radial 
shortening and concentric expansion of the aureole. Evidence that this process 
may have continued during crystallisatibn of the coarse granite can be found in the 
form of undulose extinction in quartz and distortion of biotite crystals (sections 
5.2 & 5.5). 
Hence it can be seen that it is possible to constrain the mechanism of emplace-
ment of the Northern Arran coarse granite from structural data, combined with 
an evaluation of the rheological and physical properties of the intruding magma. 
The conclusions derived from the structural data require that the crystalli-
sation and solidification of the coarse granite occurred after it was emplaced. 
Modelling of the crystallisation of granitic magmas (section 5.3.2) indicated that 
the variations in trace elements, due to fractionation of orthoclase and oligo-
clase feldspars, biotite and quartz, could be accounted for by both fractional 
crystallisation, involving separation of crystals from liquid, and by sidewall crys-
tallisation, involving separation of evolved liquids from crystals. However the 
petrographic/textural variations within the granite could only be explained by 
sidewall crystallisation following early equilibrium crystallisation. This theory is 
also substantiated by consideration of the physical constraints which inhibit the 
separation of felsic crystals from a convecting granitic magma (section 5.5). 
Details of the early evolution of the fine granite (Fig. 8.1e & 8.1f) can only 
be deduced from geochemical (isotope and trace element) data since there are no 
structures exposed at the surface which could be used to elucidate its mechanism 
of ascent. The geochemistry of the fine granite is very similar to the coarse granite 
(Chapter 7) consequently it is thought that the derivation and ascent mechanism 
of this body of magma was the same as that of the coarse granite. 
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The emplacement of the fine granite emphasises the roles of pre-existing struc-
ture and regional tectonics in influencing mechanisms of ascent and emplacement, 
and the lack of a control on emplacement by crustal level. It is envisaged that the 
fine granite rose diapirically beneath the coarse granite, after the coarse granite 
had crystallised, to form a magma chamber in which fractionation of quartz and 
feldspars occurred. A combination of regional tensional stresses, contraction of 
the coarse granite during cooling and the upward directed bouyant stress exerted 
by the rising fine granite magma caused an arcuate fracture to develop in the 
coarse granite (Fig. 7.18) which was exploited by the fine granite. As the tips 
of the ring fracture converged a central block of coarse granite collapsed into the 
reservoir of fine granite forcing the fine granite magma up and around it. 
Restoration of the aureole of the coarse granite using structural data indicates 
that much of the volume occupied by the coarse granite was created by displace-
ment and deformation of the crust during ascent of the coarse granite magma. 
Estimations of regional extension (from dyke swarms, Knapp, 1973) indicate that 
5% of this volume could be accommodated by crustal extension at, the level at 
which the granite was emplaced. It is recognised that the granite only represents 
dilation of the crust at its present level. The actual dilation of the crust required 
to permit the ascent and emplacement of a body of magma, would depend upon 
the ability of the crustal rocks to flow around the rising magma body, which is 
enhanced by diapiric ascent (Chapter 6). Consequently it must be appreciated 
that the emp~ement of a body of magma with a diameter of 12 km at a depth of 3 
km does not require an increase in the volume of the crust which corresponds to a 
cylinder 12 km in diameter and a height equal to the thickness of the crust below 
3 km. In this case the actual volume increase in the crust (or 'space problem') 
represented by the coarse granite may be comparatively small. The fine granite 
represents less of a 'space problem' because it presumably rose throu~h rocks al-
ready stretched by the ascent of the coarse granite. Its final emplacement does 
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not constitute a spa:ce problem since the collapse of a central block and upflow of 
magma maintains crustal volume (Chapter 7). 
In conclusion: This analysis of the ascent and emplacement of the Northern 
Arran granite is based on the intergration of a wide variety of geological data. 
Different data are used to constrain different aspects of the ascent and emplace-
ment process, which may be verified by other data. Certain aspects of the ascent 
and emplacement mechanism may have implications for the subsequent evolution 
of the granite which should be consistent with the observed data. If this is not the 
case the intial interpretation may be wrong. By eliminating inconsistences in the 
model by methodical 'cross checking' for internal consistency and by hypothesis 
testing this study shows that it is possible to determine all the stages of the ascent 
and emplacement of a body of granitic magma. 
Petrological data ·has been used to constrain the origin, early stages of ascent 
and the crystallisation of the Northern Arran granite. Structural data has been 
used to determine the late stages of ascent and the mechanism of emplacement 
of the granite. The structural data provide more accurate information on the 
actual process of ascent than the petrological data, which may only be used to 
eliminate certain processes e.g. stoping and assimilation. Models derived from 
the structural and petrological data can both be cross checked by considering the 
mechanism of ascent of the granite by theoretical modelling. By this approach i~ .is 
possible to overcome and extend the limitations of each data set. Most of the data 
obtained from the exposed level of a pluton record processes of emplacement and 
crystallisation. It is important to fully understand these aspects of the evolution 
of the magma body and identify their effects before the pre-emplcement history 
of the pluton is examined. 
8.2 Implications for the Ascent of Granitic Magma. 
This study of the Northern Arran granite indicates that it is possible to model 
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the early stages of the ascent of a granitic magma body using geochemical data and 
by applying a theoretical model for the ascent of granitic magma and determining 
if they are internally consistent. However the accuracy of this approach is not 
good. The geochemical data, in this case, can only be used to eliminate ascent by 
stoping and assimilation but does not provide positive indications of the actual 
ascent process. While the Hot Stokes model predicts that diapiric ascent of a 
granitic magma body over a distance of approximately one body radii is possible 
the conclusions drawn from this theory are strongly model dependant (Chapter 6). 
However these data can be used to constrain the ascent of magma through levels 
of the crust to which we do not have direct access. The model is based on field 
data collected at the level of emplacement which is necessarily extrapolated. This 
may induce further ·errors. The main implications of the theoretical model are: 
The shape of the magma body is maintained at some equilibrium configuration 
(spherical, mini~um drag) by a mechanism of thermal feedback. The ascent 
distance of a magma body is dependent upon its size which controls the amount 
of heat it may release as a result of cooling and in the form of latent heat evolved by 
cooling induced crystallisation. Consequently if a magma body rises as a diapir for 
any distance, within the constraints of the Hot Stokes model, it will inevitably be 
partially crystallised when it comes to rest. Although actual ascent of the magma 
is driven by bouyancy forces its ability to rise is controlled by the reduction in 
the viscosity of its wall rocks. Hence it can be seen that the thermal evolution of 
a magma body is a critical factor in determining its mechanism and distance of 
ascent, and its physical state as it comes to rest. However a great deal of error 
exists in this area since we do not yet fully understand the thermo-mechanical 
properties of the wall roc;ks which will be inhomogeneous and therefore beyond 
the constraints of the Hot Stokes model. Neither do we know what volume of 
country rocks are heated, and to what temperature they are heated during ascent. 
Further work is required in this area. The work presented in this thesis (Chapter 
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6) indicates that it is possible to parameterise the Peclet number in terms of the 
strain rate associated with the ascent of a body of magma and that the assumption 
. ' 
of Marsh (1982) that the wall rocks have to be heated to their solidus before their 
viscosity is reduced sufficiently to permit ascent of the magma body is invalid. 
Structural data collected from the aureole of the Northern Arran granite pro-
vide better constraints on the later stages of ascent of the magma body. These 
largely confirm the conclusion that it rose as a diapir. The formation of the Cat-
acol synform clearly indicates that the ascent of a hemisphericalj?spherical body 
of magma occurred in North Arran. Fabrics developed parallel to the surf~ce of 
the granite overprint porphyroblasts which grew during thermal metamorphism of 
the aureole rocks. The metamorphism reduced the viscosity of the aureole rocks 
to a level at which they would deform in a ductile manner to permit ascent of 
the magma, as predicted by the Hot Stokes model. Subsequent deformation of 
these thermally softened rocks to accommodate the magma body as it rose would 
.. 
produce the observed overprinting fabrics in the rocks. Any granitic body which 
rises as a diapir would show this relationship which should be added to the list 
compiled by Coward (1981) and Bateman (1984) as an additional diagnostic fea-
ture of igneous diapirs. It is concluded that diapiric ascent of granitic magma 
by a mechanism similar to that predicted by the Hot Stokes model is viable and 
consistent with the observable features of some granitic intrusions. 
A further important implication derived from this study is that the chemistry 
of granitic magmas can be influenced by their ascent mechanism. If a granite 
rises by a mechanism which results in crystallisation certain mineral phases may 
be fractionated to such an extent that the composition of the magma is signifi-
cantly altered and leaves the stability field of that phase so that it is no longer 
precipiated, or, as in the case of the Northern Arran coarse and fine gran~tes 
polybaric crystallisation resulted in silica satuation of the magmas which in turn 
resulted in eutectic crystallisation. These changes in magma chemistry may have 
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significant effects on our interpretation of the origin of granitic magmas and on the 
rheology of the granitic magma during emplacement, deformation and final crys-
tallisation, which are the subjects of current research (Hutton, 1988a and section 
8.4). 
8.3 Implications for the Emplacement of Granitic Magma. 
The Northern Arran granite provides a great deal of information about the 
transition from the ascent of a magma body to its final emplacement. The lack 
of a regional tectonic control on the development of fabrics within the aureole 
of the granite indicates that the bouyant forces acting on the magma dominated 
the process of emplacement (Brun & Pons, 1981; Soula, 1982; Hutton, 1988a). 
Restoration of aureole strains (Chapter 4) indicated that most of the volume oc-
cupied by the coarse granite was created by diapiric ascent and associated ductile 
deformation. Semi-brittle to bdttle structures overprinting the earlier ductile de-
formation record a shape change in the pluton, by radial expansion, caused by 
the dissipation of bouyancy forces. It is clear from this observation that the final 
shape of a pluton, following emplacemen~ may not be the same as its shape during 
ascent, which was modified by the emplacement process. 
Chemical data indicate that the coarse granite is formed from a single body 
of magma rather than the result of the accumulation and ·mixing of a number 
of chemically distinct batches of magma. This indicates that the folding and 
flattening strains in the aureole of the northern granite are the result of the ascent 
and emplacement of a single body of magma and not the in-situ expansion of a 
pluton by multiple injection of pulses of magma. This implies that the coarse 
granite is not a ballooning diapir and that the term ballooning diapir should only 
be applied to plutons where it can be demonstrated that the space occupied by 
the pluton was created by forceful expansion of the wall rocks resulting from an 
increase in the volume of magma by multiple intrusion at the level of emplacement, 
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described by Bateman (1984). In the case of the coarse granite (a single pulse 
diapiric body) radial expansion is a consequence of the dissipation of bouyancy 
forces as typified by the 'montgolfiere' type diapir illustrated by Brun & Pons 
(1981) (Fig. 8.1e). Patterns of strain around the Northern Arran granite may 
prove useful in determining and restoring sequential deformation histories recorded 
in plutons which have ballooned as a result of multiple emplacement of diapiric 
bodies of magma into the same intrusion. The coarse granite also illustrates the 
the types of structure which might be used to recognise and distinguish between 
diapiric ascent and radial expansion, which is not possible from the classifications 
of Coward (1981) and Bateman (1984). These classifications (Chapter 1) would 
include both true diapirs and ballooning diapirs as diapiric bodies. The division 
between diapirism as a mechanism of ascent and as a mechanism of emplacement 
should be made clear in future as it is obvious from the work of Bateman (1984) 
that the two processes are not mutually inclusive. In particular, evidence of 
post thermal metamorphism deformation of the aureole and direct evidence of 
updoming would characterise an ascending diapir. A ballooning diapir would· 
show syn-metamorphism flattening strains within its aureole. 
The role of the reactivation of the Goat Fell fault in influencing the final em-
placement geometry of the coarse granite, and in particular its influence during the 
(' 
transition {bmascent to radial expansion of the granite illustrates the importance 
of pre-existing structure in influencing the emplacement mechanism of granitic 
intrusions. This factor may have to be considered as of equal importance os the 
interaction between tectonic and bouyancy forces in controlling the ascent and 
emplacement geometry of granitic bodies. 
8.4 Implications for Crystallisation and Fabric Development in Granitic 
magmas. 
Trace element variations and detailed petrographic studies were used to de-
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termine the crystallisation history of the Northern Arran granites. Bateman & 
Chappell, (1979) discussed the relative importance of fractional crystallisatio1,1 
and sidewall crystallis~tion in the solidification of intrusive granites. Modelling 
of the crystallisation of the coarse granite indicated that it solidified by sidewall 
crystallisation. The work presented in this thesis (Chapter 5) describes how this 
was done and establishes the petrographic and chemical criteria employed to dis-
tinguish this process from fractional crystallisation. However it is recognised that 
while this modelling produces results consistent with laboratory models (Baker 
& McBirney, 1985) it should be appreciated that the accuracy of these results, 
and interpretations based upon them, are dependant upon the accuracy of the 
model in simulating the actual processes occurring in a granitic magma during 
crystallisation. 
As noted above changes in the chemistry of the magina caused by its ascent 
can also have a significant effect on the combinations of phases preciptated during 
crystallisation and on the fabric and crystallisation history of the magma. Arzi 
(1978), van der Molen & Patterson (1979) and Marsh (1988) investigated the effect 
of crystal content, crystal sizes and size distribution and the rates of nucleation 
and crystallisation on the rheology of crystallising magmas. The fundamental 
control on all these parameters is the chemistry of the magma itself. It appears 
from this conclusion that there is the need for an increase in our knowledge of how 
magmas crystallise, before we can fully understand the development of fabrics in 
granitic rocks which result from deformation. Time scales may be critical in fabric 
development. The coarse granite may have retained the properties of a liquid while 
it deformed its wall rocks because nucleation rates in the magma were low and so 
few crystals formed until the magma became strongly supercooled. Conversely a 
magma with a different chemistry may have developed a fabric under the saine 
circumstances because a higher nucleation rate would have caused the magma to 
cross the critical melt percentage at an earlier stage of the emplacement process. 
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Further research is clearly required in this field if we are to understand why fabrics 
develop in certain granitic rocks but not in others. 
The group 2 rocks of the coarse granite (Chapter 5) contain unrealistically 
high proportions of phenocrysts, interpreted as the result of compaction and melt 
expulsion following sidewall crystallisation. This represents non-constant volume 
deformation of the magma and consequently coexisting proportions of solid and 
liquid will not be in equilibrium. Detailed microprobe studies,_; of this chemical 
disequilibrium :may be employed to determine the volume of liquid lost from the 
system and consequently the amount of deformation of the magma. The problems 
and uncertainties involved in testing this hypothesis are numerous but may be 
overcome by collecting large data sets. There is clearly scope for studies of this 
type to determine the amount of deformation in apparently undeformed granites 
such as the Northern Arran coarse granite. 
8.5 The Contribution of an Integrated Approach to the Study of Granitic 
Magmas. 
Much of the work described in this thesis has employed a semi-quantitative 
approach to the study of the ascent and emplacement of the Northern Arran 
granite. Particularly in the investigation of its mechanisms of ascent and crys-
tallisation. The equations used have been derived or chosen because they are 
based on direc.t field or petrographic observations which can be derived from a 
study of the northern granite. Placing mathematical constraints on the processes 
of ascent and crystallisation has required or prompted an increased understanding 
of the role and Gffect of, for example, rates of heat loss, or the offect of different 
degrees of solid/liquid separation on final rock composition. This has lead to an 
increased need for internru consistency between the models for emplacement of the 
granite derived from structural data and petrological data. This clearly justifies 
an integrated structural and petrological approach to understanding the ascent 
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and emplacement of granitic magmas. 
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APPENDIX 
MAJOR AND TRACE ELEMENT ANALYSES OF SAMPLES OF 
THE NORTHERN ARRAN GRANITE 
A.l Sample Collection and Identification. 
Whole rock major and trace element analyses from three sets of samples were used in this 
study of the Northern Arran granite. The hulk of the samples were collected on a grid sample 
basis in order to determine whether there was any horizontal or vertical variation in element 
concentration within the intrusion. The grid nmi> on which the sample collection was based 
was produced by dividing the granite into 1 km square.blocks using the national grid. Each km 
square was then subdivided at contour intervals of 200m, starting at 50 m, to produce a vertical 
subdivision. If a sample had been collected from each horizontally and vertically defined gdd 
unit a set of il.pproximately 240 samples would have been collected. In practice this was not 
possible due to poor exposure or the heavily weathered nature of the rock. Consequently a total 
of 187 samples were collected. 136 of these were of coarse granite and 51 were of fine granite. 
These rocks are identified by five figure numbers. Generally the first four numbers refer to the 
coordinates of the national grid square from which the sample was collected. The fifth number 
refers to the subdivision of the grid. Six figure grid references of for the sample localities are 
given in the following t<~bles. In some CMt~s the five figure number is followed by a letter, a, b 
and cwhich refer to samples collected from the same grid unit. F refers to a particularly fresh 
sample of rock, W refers to a particularly weathered tmmple. Other annotations are explained 
in the tables. 
The rocks collected to examine the grauitc for spatial variations in chemistry were supple-
mented with a set of 78 samples (splits of powders) ground from rocks collected by Mr. T. P. 
Johnson, formerly of Queen's University, Belfast, .whit:h were given to the author by Dr. I. G. 
Meighan. Of these, 53 samples were of the coarse granite and 23 were of the fine granite. These 
samples arc identified by the prefix 'C'. No thin sections or hand spe'cimens of these rocks were 
available. 
An additional collection of 65 samples which were not used in the spatial analysis of the 
chemi~try of the granite were also analyHed for major and trace elements. These rocks are 
samples of aplite veins and sheets of fine grained granite within the coarse granite. These can 
be identified by four figure numbers. This collection also includes some samples collected by 
Mr. T. P. Johnson, identifiable by the prefix 'C'. 
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A.2 Sample Quality and Size. 
The Northeru Arran coarse granite is often severely weathered, particularly on exposed 
peaks and ridges. This hampered the collt!etion of fresh samples for analysis. Fresh unweathered 
coarse granite is a bright turquoise blue, which rapidly fades to· a grey green colour as a result 
of oxidation. Surface weathering of the granite extends to a depth in excess of 20 em into the 
rock (even in eroded stream beds). Hence the freshest rock obtainable was collected. At the 
surface the coarse granite has a deep brown discolouratiou (rust) due to oxidation of biotite. The 
oxidation decreases over a few em and the rock has a white or grey colour, due to sericitisatiou 
of feldspars, with minor discolouratiou dne to oxidation. This rock passes into blue rock. Most 
of the samples collected and analysed were white or grey with some minor oxidation. Thin 
section examination showed that these rocks were fairly fresh, with only minor sericitisation of 
the feldspars and local development of oxidation rims ;u;ound biotite. The degree of weathering 
shown by all the analysed samples was generally even and the internal consistency in the observed 
spatial variation in trace element concent.ration suggests that its effects are not great. Analysis 
of fresh rock and weathered crusts of some rock~> showed no variation in composition in excess 
of analytical errors between weathered and unweathered rock. 
The fine granite shows signs of weathering at the Rurface but this was usually superficial 
and samples of fresh grey rock with unaltered feldspar~> and biotite were easy to obtain. 
Sample sites were chosen to aviod aplites, strongly drusiform rock and griesen veins. 
The weight of the samples collected for analysis varied between 1 and 2 kg. Larger samples 
were collected from the coarse granite in au attempt to reduce compositional inhomogeneity 
introduced by irregular distribution~> of large crystals. Weathered crusts were usually removed 
in the field by hammering. 
A.3 Sample Preparation. 
After slices for thin sections had been takm1 any remaining weathered material was removed 
from the samples using a hydraulic rock splitter. Large samples were also reduced in size by 
splitting before being fed into a jaw crusher. All samples of the coarse and fine granite were 
reduced to chips (0.5 to 1.5 em across) by jaw crushing. At this stage any remaining weathered 
material was removed by hand picking. The chips were then quartered and approximately 50 
g of chips were removed from one quarter awl ground to fi1w powder in a swing mill with a 
tungsten carbide barrel. The chips were ground for 1 to 3 mins. and as a result the existing 
powders are not suitable for anlysis of FeO/Fe203 ratios. 
No facilities for making fused beads were available in Durham while this work was carried 
out. As a result all samples for major and trace dement analysis were made up as pressed 
powder briquettes. These were produced by mixing approximately 5 g of powdered sample with 
0.5 ml of a 4% solution of Moviol (organic adlwsiw). This mixture was then placed in a mould 
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and compressed in a hydraulic press at 8 t.ous psi. Tlw briquettes were removed from the mould 
and dried for 12 hours at 80°C. 
The rocks were not analysed for Fe0/Fe20 3 ratios and loss on ignition (101). In the first 
case because of the generally oxidised nature of the smnple11 would have resulted in meaningless 
results (section A.2) and in the second case becauRe no suitable furnace was available for fusion 
during the period in which the analyseR were complete(l. 
A.4 XRF Analysis. 
All the samples were analysed on a Phillips ·PW1400 X-ray fluorescence spectrometer with 
the assistance of Mr. R. G. Hardy (the department'!! Senior Experimental Officer). Previous 
analyses of the Northern Arran granite (Diekin ct al., 1981) and thin section examination of 
the samples indicated that the range of composition of the granite was restricted. The samples 
were run with pressed powder briquette!! of intcmational standards appropriate to the known 
range of compostion of the granite. Additional standards were used to improve the range of 
calibration of the trace elements. 
The samples and unknowns were analysed using the operating conditions given in Table 
A.1, and peak and background counts were recorded. Machine drift, indicated by variation in 
count rates for the standards, was negligible. 
A.4.1 Major Elements. 
The raw peak and background counts for t.hc nmjor elements were processed using the com-
puter program XRF.CBI written by Colin Watson, formerly of the Department of Engineering 
Geology, University of Durham. This program readR the raw counts for the measured standards 
and compares them with the known compoRitions of the standards (from Abbey, 1983) to pro-
duce a linear regression equation. This linear regression i1>.used to calculate an approximate 
measured composition of the standard from the raw counts. This approximate composition is 
used to calculate and apply mass absorption coefficients (MAC) (from Heinrich, 1973) to the 
raw counts. The corrected raw counts arc then compared with the known composition of the 
standards and a cubic regression is calculated from whiCh a second approximation to the mea-
sured composition of the standard can be clet.ermined. Thi11 second approximation is used to 
recalculate and apply MAC corrections. This process is repeated until the measured composition 
of the standards is the same as that produced by the previous iteration. This reiteration procees 
generates a cubic equation for the composition of the standards given the counts corrected for 
mass absorption effects. 
The composition of the unknowns arc detm·miued by calculating an approximate compos-
tion for the unknowns from the cubic equation derived by calibration of the standards. These 
compositions are used to calculate MAC corrections for the raw counts for each unknown. The 
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TABLE Al 
Operating Conditions for XRF Analysis. 
Element Line Crystal Angle (28) +bkg -bkg Peak Bkg 
time time 
Si Ka 3 109.175 3.80 2.00 20 10 
Ti Ko 2 86.270 5.00 2.00 20 10 
AI Ka 6 19.620 2.10 0.00 20 10 
Fe Ka 2 57.570 2.30 2.00 20 10 
Mg Ka 6 23.315 1.92 2.40 80 20 
Ca Ka 2 113.265 4.30 2.00 20 10 
Na Ka 6 28.140 2.00 1.30 80 20 
K Ka 2 136.930 3.00 1.80 20 10 
Mn Ka 1 95.375 4.60 2.00 20 10 
p Ka 5 141.040 4.00 3.50 40 10 
Ba Kcr 1 15.550 1.38 0.78 40 20 
Nb Ka 1 30.400 O.GO O.GO 80 20 
Zr Kcr 1 32.055 0.96 0.90 80 20 
y Kcr 1 33.870 1.00 . 0.90 80 20 
Sr Ka 1 35.815 1.10 1.00 80 20 
Rb Ka 1 37.945 0.70 1.16 80 20 
Zn Ka 1 60.560 1.00 1.00 80 20 
Cu Ka 1 65.540 1.10 0.50 80 20 
Ni Ka 1 71.265 2.00 1.30 80 20 
Ph Ka 1 40.345 2.20 1.80 80 20 
u La 
' 
1 37.295 1.40 0.60 80 20 
Th La 1 39.215 O.GO 0.76 80 20 
v Ka 1 123.485 2.00 2.00 80 40 
Cr Ka 1 107.320 2.00 2.00 80 20 
Nd La 1 112.930 1.40 2.00 80 20 
La La 1 139.085 3.90 2.00 80 20 
Ce Lf3 1 111.840 2.60 1.50 80 20 
+background and -background in degrees (2H). Crystal1 = LiF220, crystal 2 = LiF200, 
crystal 3 = PE, crystal 4 = THAP, c1·ystal 5 = GE, cryst.al 6 = PXl. All analyses run 
at 80 kv, 35 mA. Count times for peaks aucl backgrounds are given in seconds. 
corrected counts arc used to calculate a Recoud approximation to the unknown composition us-
ing the cubic calibration curve. This proccRH is repeated until the composition calculated from 
one iteration is equal to that calculated by the previouR iteration. 
Calculation of the compostiou of the uukuownR hy this iteration process was monitored by 
using standards as unknowns. This showed that compositions of the standards run as unknowns 
compared very favourably with the known compositions of the standards. Analyses were gener-
ally within ±0.2%. A necessary part of this iteration process is that all analyses are calculated 
to 100% if loss on ignition determinations are not included in the file containing the raw counts 
for the standards and unknowns, or to 100% lcRH lo~~ on ignition if LOI data are included. The 
linear correlation between the counts and the st.anclard composition after calibration and the 
range of calibration are given in Table A.2. 
Table A.2. 
Correlation between Rtaudard mmpositions determined from corrected analyses 
and known compositions of standards and the range of calibration used in analysis of 
major element compositions of samples collected from the Northern Arran granite. 
Element Correlation 
Si02 0.902 
Ti02 0.999 
Al203 0.991 
Fe20 3 0.995 
MgO 0.988 
CaO 0.999 
Na20 0.988 
K20 0.999 
Mn02 0.995 
P20s 0.997 
Linear regression after calibration of the standards. 
A.4.2 Trace Elements. 
Calibration 
66.64 - 99.00 
0.00- 0.28 
1.00- 15.53 
0.00- 4.33 
0.00- 2.43 
0.00- 2.54 
0.00- 4.09 
0.00- 5.55 
0.00- 0.09 
0.00- 0.28 
The raw peak and background countH for the trace clements were processed using the trace 
element analysis progni.ms written by Dr. N. J. G. P1!arce (Pearce, 1988). These programs are 
based on a technique used by the Greenland Geological Survey. The program determines the 
concentrations of trace elements in a sample in ppm from the equation: 
ppm(sample) =cps x MAC x K A.! 
cps is the net count rate per second ((peak- l)ILckground) - blank), MAC is the mass absorption 
coefficient for the element (calculated from the the major clement composition of the sample) and 
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K is a constant. Counts per second for the blanks Wa.H determined by solution of simultaneous 
equations {by hand calculation) after determining au initial!\ value from a number of standards. 
After determining a K value and the blank corrm:tion for each element, which gave the best fit 
for the determined composition of the standards compared with their known compostions, the 
compositions of the unknowns were calculated Utiiug mtuation A.l. 
The error in the trace element analyses was det.enuined from standards run as unknowns. 
The analytical errors determined (Table A.J) were calculated following determination of the 
concentration of the element in each sample and hence represent compounded errors due to 
machine instability and calculation of compositions. 
Errors were calculated by the following method: For each element the mean and standard 
deviation ( 2a) were calculated for each sta.ndmd (analysed as an unkown at least" six times) 
which had a concentration within the calibration range of t.he element. The ranges for each 
standard as a percentage of the mean composition of the standard were determined by dividing 
2a by the mean of the analyses for each standard. The range of accuracy for a particular element 
for the range over which it was calibrated was ddermined by taking the average of the range of 
variability for the standards used to calibrate that clement. 
Table A.3. 
Analytical errors {2a) calculated for trace elements a.'! a percentage of calculated 
composition. 
Element Error (%) 
Ba ±9 
Nb ±9 
Zr ±12 
y ±10 
Sr ±7 
Rb ±7 
Zn ±4 
Cu ±18 
Ni ±40 
Ph ±8 
u ±43 
Th ±18 
v ±30 
Cr ±18 
Nd ±28 
La ±17 
Cc ±14 
A.4.3 CIPW Norms. 
The CIPW norms of each of the samples of coarse and fine granite were determined using the 
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program NORMCAL written by Dr. R. C. 0. Gill (Formerly of the Department of Geological 
Sciences, Durham University) (Gill, 1972 b). Fe0/Fe2 0 3 ratios for the coarse and fine granites 
were taken from Dickin et al. (1981). 
A.5 Note on the organisation of the sample listings. 
The samples are divided into the following groups: Coarse granite, fine granite and mis-
cellaneous rocks. The three groups contain samplt!H collected by the author and by Mr. T. P. 
Johnson. Notations are as described in section A.l. 
In each case the the sample number is followed by the grid reference of the locality from 
which it was collected, and a short description of t.he sample. In the case of the coarse granite 
the number of the petrographic group to which t.he sample belongs is included, and an asterisk 
indicates that it was not included in the compilation of the maps showing the distribution of 
Ba and Sr across the pluton (section 5.3.2). No thin sections or hand specimens of the rocks 
collected by Mr. T. P. Johnson were available. Tlwrefore they have been allocated to the group 
in which they spatially belong. The la.'!t number rcferH to the page of the appendix on whi.ch an 
analysis of the rock may be found. 
The analyses of the· rocks are listed in a different order to that in which they appear in 
the list of samples. Major oxides are given as weight %, t.rl\(:e elements in ppm. Total Fe is 
given a.o; Fe2 0 3 • No norms are supplied for the collection of miscellaneous samples of aplites 
etc. Abbreviations used in the norm tables arc as follows: Qz - quartz, Cor - corundum, Or 
- orthoclase, Ab - albite, An - anorthite, Hy - hypersthene, Mgtte - magnetite, Ilm - ilmenite, 
Aptte - apatite, DI - differentiation index. 
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COARSE GRANITE SAMPLES 
91481 NR914483 Coarse granite 2 3 
92481 NR922487 Coarse granite 1* 1,19 
92482 NR927486 Coarse granite 2 2,19 
93482 NR935484 Coarse granite 2 2 
94481 NR94G487 Coarse granite 2 4 
95481 NR952489 Coarse granite 1* 4 
95482 NR95G491 Coarse granite 1 4,18 
90472 NR909476 Coarse granite 2 1,19 
91471 NR91!3469 Coarse granite 2 2 
91472 NR916476 Coarse granite 2 5 
92471 NR921477 Coarse granite 2 6,18 
93471 NR936477 Comse granite 2 1 
94471 NR947472 Coarse graui te 3 3 
94472 NR948473 Coarse granite 2 1,8 
95471 NR952474 Conrsc granite 2 2 
96472 NR965471 Coarse granite 2 1 
97471 NR974477 Coarse grauite 2 2,19 
89461 NR89G4G4 Coarse granite 2 6 
90461 NR9044G3 CoarHe gt•anite 2 7 
90461a NR904463 Coarse granite 2 5 
90461b NR904463 (::;oarse granite 2 6,17 
93461 NR9374G8 Coarse granite 3 3 
93462 NR937467 Coarse granite 3 4 
95462 NR95G4G8 Coarse granite 3 17 
95462a NR956468 Coarse granite 3* 3 
95462b NR956468 Coarse granite 3* 6 
97462 NR9754G5 Coarse granite 2 3 
98461 NR985468 Coarse granite 2* 5 
98462 NR985460 Coarse granite 2 5 
89451 NR897457 Coarse granite 2 2,18 
90451 NR906459 Coarse granite 2 6 
90452 NR907455 Coarse granite 3 4,18 
96451 NR964458 Coarse granite 3 5,8 
96452 NR965452 Coarse granite 2 24 
96452a NR965452 Coarse granite 2* 34 
96453 NR968459 Coarse granite 2 8 
96453a NR968456 Coarse grani tc 2 32 
97451 NR974451 Coarse granite 2 24 
98451 NR984454 CoarHe granite 2* 30 
99451 NR992457 Coanm granite 2 7 
99452 NR994454 Coarse granite 2 5 
88441 NR883441 Coarse granite 2 24 
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93442 NR940446 Conrse gra.ni te 3 31 
93443 NR941445 Coarse granite 3 31 
94443 NR949449 Coarse granite 3 4 
94443a NR952444 Coarse granite 3 31 
94444 NR947442 Coarse graui te 3 24 
96443 NR966448 Coarse granite 3 26 
96444 NR965445 Coarse granite 3 8 
96444b NR965445 Coarse granite * 8 
97441 NR976447 Conrse granite 2 31 
97442 NR977444 Coarse granite 2* 26 
99441 NR997449 Coarse granite 2 18 
99441a NR994448 Coarse granite 2 1,27 
99442 NR002442 Coarse granite 2 8 
88431 NR888439 Coarse granite 1 9 
89431 NR896434 Coarse granite 2 7 
94432a NR946431 CoarHe granite 3 23 
94432b NR946431 Coarse granite 3 27 
94432c NR944434 Coarse granite 3 26 
97431 NR974436 Coarse granite 2 25 
97432 NR977435 Coarse granite 2 28 
97433 NR976431 Coarse granite 2* 28,29 
97434 NR972431 Coarse granite 2 31 
98431F NR983435 Coarse granite 2 22,57 
98432F NR984430 Coarse granite 2 21,57 
99435 NR998432 Coarse granite 1 28 
00431 NR005438 Conl'l~e granite 2 7 
00432 NR004435 Coarse granite 1* 21 
89421 NR898430 Coarse granite 3 7 
89422 NR892426 Coarse granite 1 7 
89423 NR897423 Coarse granite 2 6,18 
96421a NR965425 Coarse granite 3 24 
96421b NR961421 Coarse granite 3 26 
96421c NR691421 Coarse granite 3 26 
96423 NR966425 Coarse granite 2 34 
97434 NR972431 Coarse granite 2 31 
97421 NR973428 Coarse granite 2* 25 
97422c NR974424 Coarse granite * 30 
98421 NR979425 Coarse granite 2* 21 
98422 NR984426 Coarse granite 2* 25 
98423 NR986427 Course grani t.c 2* 29 
98424 NR989424 Coarse granite * 22 
99421 NR995427 Coarse granite 1 27 
99422 NR999424 Coarse granite 1 30 
00422 NS006425 Coarse granite 1 34 
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00423 NS010423 Coarse granite 1 29 
88411 NR898416 Comse granite 2 32 
95411a NR960420 Co<~rsc granite 3* 23 
954llb NR960420 Coarse granite 3 25 
95412 NR962414 Coarse granite 2 34 
95412a NR962414 Coarse granite 2* 23 
95412c NR959412 Coars(l granite 2* 34 
96411 NR964417 Coarse granite 3 26 
96411c NR964417 Coarse granite 3 24 
96412 NR965412 Coarse granite 2 20 
96413 NR969416 Coarse granite 2 34 
97411 NR980417 Coarse granite 2 19 
99411 NR995416 Comse granite 1 22 
99412 NR992416 Coarse granite 1 27 
99413 NR99G418 Conrse granit.e 1 •27 
99414 NR996415 Coarse granite 1 30 
00411 NS003420 Coarse granite 1 20 
. 00412 NS003413 Coarse granite 1 28 
00413a NS007417 Coarse granite 1 28 
00413b NS010417 Conrse granite 1 21 
95404 . NR957401 Conrse granite 2 29 
96402 NR968405 Coarse granite 2 23 
96404a NR970407 Coarse granite 2 20 
96404b NR970407 Coarse granite * 21 
96404c NR970407 Coarse granite * 20 
97403 NR980403 Coarse granite 2 20 
98401 NR987402 Coarse granite 2 21 
98402a NR997408 Coarse. granite 1 28 
98402b NR991407 Coarse granite 1 25 
99401 NR998404 Coarse grani t.e 1 30 
00401 NS001408 Coarse granite 1 22 
90391 NR901398 Coarse granite 2 32 
91393 NR913397 Coarse granite 2 33 
91395 NR910392 Coarse granite 2 25 
95391 NR952399 Coarse granite 3 23,32 
95392 NR953398 Coarse granite 3 32 
95394 NR959394 Coarse granite 2 31,32 
96391 NR968391 Coarse granite 2 33 
97391 NR974391 Coarse granite 2 22 
97392 NR982395 Coarse granite 2 19 
98391 NR989397 Coarse granite 1 29,32 
91381 NR917388 Coarse granite 2 23 
95382 NR953380 Coarse granite * 27 
96381 NR967384 Coarse granite 2 29 
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97381a NR970387 Coarse granite 2 30 
97382 NR972385 Coarse granite 1* 22 
97382b NR972385 Coarse granite * 20 
C2 NR940420 Coarse granite 3 9 
C3 NR979471 Coarse granite 2 9 
C4 NR968461 Comse granite 2 9 
C6 NSOU418 Coarse granite 1 9 
C7 NS010418 Coarse granite 1 33 
C9 NR983463 Coarse granite 2 9 
C14 NR986428 Coarse granite 2* 10 
C19 NR954402 Coarse granite 3* 10 
C42 NR930468 Coarse granite 3* 10 
C43 NR913398 Coarse granite 2* 10 
C45 NR913398 Coarsl! granite 2* 10 
C73 NR976387 CoarRe granite 2 10 
C74 NR970387 Coarse granite 2* 11 
C77 NR949473 Coarse granite 3* 11 
C78 NR949473 Coarse granite 3 11 
C89 NR948488 Coarse granite 2 11 
C92 NR910481 Coarse granite 2 11 
C93 NR964394 Coarse granite 2 11 
C94 NR948488 Coarse granite 2 12 
C95 NR970408 Coarse granite 2 12 
C98 NR895464 Coarse granite 1 12 
C99 NR951476 Coarse granite 2 12 
C108 NR940420 Coarse granite 3 12 
C114 NR885439 Coarse granite 1 12 
C118 NR895451 Coarse granite 2 13 
C120 NR995399 Coarse granite 1 13 
C121 NR925478 Coarse granite 2 13 
C122 NR925487 Coarse granite 2 13 
C123 NR930468 Coarse granite 3 13 
C124 NR951476 Coarse granite 2* 13 
C125 NR947493 Coarse granitfl 1 13 
C127 NR948484 Coarse granite 2 14 
C132 NR898424 Coarse granite 2 14 
C133 NR893441 Coarse granite 2* 14 
C134 NR962411 Coarse granite 2 14 
C135 NR996450 Coarse granite 2 14 
C136 NR977432 Coarse granit.e 2 14 
C137 NR979433 Coarse granite 2* 15 
C138 NR993409 Coarse granite 1 15 
C139 NR979436 Coarse granite 2 33 
C140 ? Coarse granite * 15 
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C141 NR891429 Coarse gmui t.e 2 15 
Cl43 NR918484 Coan:le graui tc 2 15 
C144 NR002442 Coarse graui te 2* 15 
C145 NR974453 Coarse granite 2 16 
C146 NR997433 Coarse granite 2 16 
C147 NR955399 CoarHe granite 3 16 
C148 NR981448 Coarse granite 2* 16 
C149 NR971398 Coarse granite 2 16 
C151 NR962457 Coarse granite 3 16 
C153 NR973432 Coarse graui te 2 17 
C154 NR984452 Coarse granite 2 17 
C155 NR976383 ConrHe granite 2* 33 
C158 NR992415 Coarse granite 2 17 
C159 NR985468 Coarse granite 2 17 
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FINE GRANITE SAMPLES 
90462 NR914463 Fine granite 42 
91461 NR914465 Fiue granite 42 
91462 NR917466 Fiuc gru.uitc 36 
91462a NR919463 Fine granite 35 
92461 NR923470 Fine granite 35,41 
92461h NR929467 Fine granite 43 
92462 NR925464 Fi11e granite 37 
93463 NR931462 Fine granite 42 
93463a NR929467 Fi11e granite 46 
94461 NR944466 Fill e grani tc 35 
95461 NR9524G4 Fiue granite 37 
91451 NR908459 Fine granite 37 
90453 NR988452 Fine granite 36 
91452 NR916455 Fine granite 35 
92451 NR924456 Fiue granite 36 
92452 NR930453 Fine granite 36 
93451a NR933458 Fine granite 46 
93451h NR937453 Fine granite 44 
94451 NR943453 Fine granite 42 
94452 NR947454 Fine granite 36 
95451 NR954458 Fine granite 37 
95452 NR955453 Fine granite 35 
90441 NR902442 Fine granite 45 
90442 NR906447 Fine granite 36 
90444 NR907444 Fine granite 38 
91441 NR915447 Fine granite 35 
92442 NR926444 Fine granite 38 
93441 NR933447 Fine granite 42 
94441 NR945446 Fine granite 45 
95441 NR962442 Fine granite 45 
96441 NR963447 Fine granite 37 
96442 NR961454 Fine granite 37 
90431 NR898435 Fine gmnite 43 
90432 NR910438 Fiiw granite 41 
93433 NR935432 Fine granito 43 
95431 NR953432 Fine granite 47 
95433 NR962430 Fine gmnite 45 
96431 NR969429 Fine gmnit(! 44 
90421 NR903427 Fine gmnitc 42 
91421 NR916427 Fine granite 45 
92421 NR92G424 Fine granite 43 
95421 NR949421 Fine granite 44 
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95424 NR958429 Fine granite 46 
90411 NR902417 Fine granite 46 
91411 NR913419 Fine granite 45 
90403 NR907408 Fine granite 42 
91401 NR918407 Fine granite 43 
91401a NR910401 Fin c granite 43 
91392 NR914399 Fine granite 44 
91394 NR918399 Fine granite 46 
92391 NR919389 Fine granite 44 
Cl NR94!J431 Fine granite 38 
C5 NR961453 Fine granite 38 
C8 NR962447 Fine granite 38 
C29 NR915420 Fine granite 38 
C30 NR923443 Fine granite 39 
C31 NR915446 Fine granite 39 
C32 NR915446 Fine granite 39 
C34 NR917458 Fine granite 39 
C35 NR920469 Fine granite 39 
C36 NR925450 Fine granite 39 
C37 NR924463 Fine granite 40 
C44 NR930447 Fine granite 40 
C47 NR931452 Fine granite 46 
C48 NR921468 Fine granite 40 
C82 NR945460 Fine granite 40 
C96 NR906445 Fine granite 40 
C102 NR911463 Fine granite 40 
C103 NR916467 Fine granite 41 
C109 NR950431 Fine granite 41 
C116 NR909431 Fin c grani tc 41 
C150 NR966443 Fine granite 41 
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MISCELLANEOUS SAMPLES COLLECTED FROM THE 
NORTHERN ARRAN GRANITE 
907 NR930489 Aplite 49 
909 NR930489 Aplite 49 
1107 NR921486 Aplite 49 
1108 NR922487 Aplite 50 
1400 NR974481 Microgranite 49 
1401 NR968475 Porphyritic granite 52 
1403 NR975465 Fiue granite Hheet 50 
1602 NR911484 Marginal granite 50 
1700a NR904464 Fiue grunite 11lwd 52 
1701a NR904464 Fiue granite Hheet 51 
1703 NR982474. Marginal granit1: 51 
1901 NR953474 Fine gmnite Hlwet 48 
1902 NR953474 Medium gmiued sheet 48 
1903 NR953474 Fiue grained :~lwet 52 
1904 NR953474 Medium grained sheet 50 
1909 NR952470 Medium grained sheet 48 
1912 NR952467 Coarse granite 48 
1914 NR950449 Coarse granite 51 
1915 NR950449 Aplite 51 
2200 NR977477 Marginal granite 51 
2500 NR904464 Fine granite shed 51 
96412F NR966411 Fine granite sheet 58 
96401Q NR965409 Qtz rich granite 58 
96453aCG NR968456 Granite next to 96453a 59 
96453aA NR968456 Aplite 59 
97422F NR974424 Fine granite Hhect 58 
96421F NR966411 Fine granit.c 11hect 
97381bF NR970387 Fiue granite 11heet 58 
98431W NR984430 Weathered 98432F 57 
98432W NR983435 Weathered 98431F 57 
4100 NR941492 Aplite 59 
4210 NR947439 Fine granite 58 
4220 NR947439 Coarse grauitc 59 
5000CC NR965425 Com-He graui te 58 
5000FC NR965425 Coarse grauite 57 
5010 NR965425 Fitw granite 59 
ClO NR966472 Porphyritic granite 53 
Cll NR951492 '! 53 
C17 NR972386 Fine grauite 11lu:ct 53 
C24 NR972417 Aplite 53 
C25 NR974417 Quartz rich granite 53 
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C46 NR920481 Porphyritic granite 54 
C49 NR913398 Porphyritic granite 54 
C50 NR913398 Quart.z rich granite 54 
C75 NR951480 Aplite 54 
C76 NR950479 Po1·phyritie 11lwet 54 
C84 NR947488 Aplite 54 
C86 NR950481 Aplite 55 
C91 NR913478 Fine granite 55 
C97 NR945490 Porphyritic aplite 55 
C100 NR948487 Aplite 55 
C126 NR925487 Pot·phyriti<: aplite 55 
C129 NR978433 Coar11e granit.e 55· 
C130 NR898424 Coarse granite 
C150 NR948487 Porphyritic aplite 56 
C156 NR919483 Porphyritic aplite r· 
1 NR917459 Fine granite 4'1, 5(, 
2 NR.917459 Drusy fine granite 52., 56 
3 NR91G459 Fine grauit.e 4q,s& 
4 NR.91G459 Drusy fine gmnit.e SO,'SJ 
5 NR916459 Fine granite 50,S2.,S' 
5a NR915460 Fine granite 4.'1,!6 
2302 NR915446 Drusy fine granite 4t:t.· 
4410 NR.898435 Fine granite 11heet S''t 
C39 NR925450 Aplite S2 
C79 NR943457 Fine granite 5.1 
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ANALYSES OF SAMPLES OF NORTHERN ARRAN COARSE GRANITE 
92481 90472 94472 99441 93471 96472 
SiOz 76.85 76.31 78.80 75.42 78.22 77.28 
TiOz 0.04 0.14 0.08 0.17 0.08 0.14 
AlzOJ 13.16 12.71 11.81 12.91 12.07 12.45 
Fez OJ 0.76 1.64 1.10 1.88 1.05 1.41 
. MgO 0.03 0.07 0.03 0.07 0.03 0.04 
Ca.O o.u 0.43 0.17 0.69 0.29 0.30 
Na.zO 3.5.7 3.58 3.09 4.03 3.32 2.98 
KzO 5.4'4 5.05 4.89 4.73 4.90 5.35 
Mn02 0.02 0.04 0.02 0.04 0.01 0.03 
P20s 0.01 0.04 0.02 0.04 0.02 0.03 
Ba. 455. 857. 321. 991. 677. 978. 
Nb 28. 38. 28. 37. 24. 23. 
Zr 68. 227. 101. 290. 92. 151. 
y 61. 71. 57. 68. 52. 53. 
Sr 23. 42. 18. 52. 31. 41. 
Rb 186. 180. 172. 184. 163 .. 168. 
Zn 27. 56. 31. 93. 29. 34. 
Cu 13. 14. 14. 13. 13. 12. 
Ni 6. 3. 6. 5. 3. 5. 
Pb 30. 33. 27. 24. 28. 27. 
u 2. 2. 2. 1. 2. 1. 
Th 16. 24. 22. 24. 18. 16. 
v 2. 8. 5. 9. 5. 8. 
Cr 7. 10. 7. 8. 8. 15. 
Nd 20. 41. 32. 60. 31. 30. 
La 6. 40. 29. 55. 23. 29. 
Ce 36. 83. 64. 113. 58. 0. 
Qz 34.7 34.6 41.3 31.7 39.1 38.3 
Cor 1.2 0.7 1.2 0.0 0.8 1.3 
Or 32.2 29.9 28.9 28.0 29.0 31.6 
Ab 30.2 30.3 26.2 34.2 28.1 25.2 
An 0.5 1.9 0.7 3.2 1.3 1.3 
Hy 0.8 1.7 1.1 1.9 1.0 1.4 
Mgtte 0.3 0.6 0.4 0.7 0.4 0.5 
lim 0.1 0.3 0.2 0.3 0.2 0.3 
Aptte 0.0 0.1 0.0 0.1 0.0 0.1 
DI 97.1 94.8 96.4 93.8 96.2 95.2 
1 
92482 95471 91471 97471 93482 89451 
Si02 76.39 78.52 77.00 76.47 74.65 76.65 
Ti02 0.18 0.11 0.12 0.15 0.16 0.14 
Al203 12.97 11.94 12.56 13.08 13.82 12.57 
Fe203 1.47 1.37 1.37 1.40 1.78 1.70 
MgQ 0.06 0.04 0.04 0.05 0.05 0.05 
CaO 0.55 0.12 0.41 0.40 0.49 0.47 
Na2o 3.44 3.21 3.33 3.46 3.60 3:38 
K20. 4.86 4.64 5.12 4.92 5.38 4.97 
· Mn02 0.04 0.03 0.03 0.03 0.03 0.04 
P20s 0.04 0.02 0.03 0.04 0.03 0.04 
Ba 1271. 528. 1133. 1085. 1339. 553. 
Nb 34. 30. 34. 34. 32. 35. 
Zr 249. 143. 151. 205. 213. 228. 
y 69. 61. 68. 69. 68. 103. 
Sr 53. 28. 45. 48. 57. 28. 
Rb 152. 151. 163. 161. 178. 190. 
Zn 47. 45. 35. 40. 48. 53. 
Cu 13. 15. 13. 13. 13. 14. 
Ni 3. 3. 4. 7. 3. 2. 
Pb 28. 26. 34. 28. 24. 28. 
u 2. 2. 2. 2. 1. 1. 
Th 22. 19. 2L 20. 16. 22. 
v 10. 5. 6. 7. 8. 10. 
Cr 6. 10. 7. 20. 11. 13. 
Nd 40. 47. 29. 46. 38. 40. 
La 42. 40. 37. 45. 38. 34. 
Ce 88. 92. 85. 84. 81. 67. 
Qz 36.1 41.3 36.6 36.2 31.4 36.3 
Cor 1.1 1.5 0.9 1.4 1.3 0.9 
Or 28.8 27.4 30.3 29.1 31.8 29.4 
Ab 29.1 27.2 28.2 29.3 30.5 28.6 
An 2.5 0.5 1.8 1.7 2.2 2.1 
Hy 1.4 1.4 1.4 1.4 1.8 1.7 
Mgtte 0.5 0.5 0.5 0.5 0.6 0.6 
Ilm 0.3 0.2 0.2 0.3 0.3 0.3 
Aptte 0.1 0.0 0.1 0.1 0.1 0.1 
DI 94.0 95.9 95.1 94.6 93.7 94.4 
2 
934G1 90473 94471 91481 97462 95462A 
Si02 78.02 76.8G 77.57 75.96 77.26 78.01 
Ti02 0.08 0.11 0.11 0.15 0.12 0.06 
Al203 12.39 12.80 . 12.26 12.95 12.70 12.49 
Fe203 1.07 1.33 1.39 1.83 1.29 0.91 
MgO 0.03 0.04 0.04 0.06 0.05 0.02 
CaO 0.25 0.41 0.60 0.41 0.31 0.16 
Na20 3.26. 3.21 3.04 3.35 3.17 3.46 
K20 4.85 5.19 4.94 5.20 5.05 4.85 
Mn02 0.02 0.03 0.03 0.04 0.02 0.02 
P20s 0.02 0.02 0.01 0.04 0.03 0.01 
Ba 754. 891. 597. 984. 919. 422. 
Nb 29. 27. 2G. 35. 27. 28. 
Zr 131. 134. 141. 219. 263. 108. 
y 58. 63. G8. 57. 54. 60. 
Sr 37. 39. 57. 36. 45. 21. 
Rb 167. 169. 171. 173. 159. 178. 
Zn 40. 37. 39. 42. 39. 42. 
Cu 14. 13. 13. 13. 13. 13. 
Ni 2. 6. G. 5. 1. 6. 
Pb 27. 26. 26. 26. 25. 27. 
u 2. 2. 2. 1. 1. 1. 
Th 20. 20. 20. 23. 19. 19. 
v 6. 8. 5. 6. G. 3. 
Cr 11. 7. 8. 10. 7. 6. 
Nd 33. 41. 4G. 46. 33. 35. 
La 34. 41. 44. 53. 34. 35. 
Ce 78. 74. 87. 91. 72. 83. 
Qz 39.5 36.9 39.1 35.0 38.3 38.6 
Cor 1.4 1.2 0.8 1.2 1.5 1.3 
Or 28.7 30.7 29.2 30.8 29.9 28.7 
Ab 27.G 27.2 2o.8 28.4 26.9 29.3 
An 1.1 1.9 2.9 1.8 1.3 0.7 
Hy 1.1 1.3 1.4 1.9 1.3 0.9 
Mgtte 0.4 0.5 0.5 0.7 0.5 0.3 
Ilrn 0.2 0.2 0.2 0.3 0.2 0.1 
Aptte 0.0 0.0 0.0 0.1 0.1 0.0 
DI 95.8 94.8 94.1 94.1 95.1 96.6 
3 
93462 94481 90452 95481 94443 95482 
Si02 78.03 76.04 76.93 77.4& 78.30 77.77 
Ti02 0.11 0.17 0.09 0.0& 0.09 0.09 
A}z03 12.21 12.90 12.76 12.91 11.96 12.46 
Fe203 1.35 1.86 1.22 0.90 1.20 1.13 
MgO 0.03 0.07 0.03 0.04 0.05 0.03 
CaO 0.23 0.40 0.39 0.14 0.29 0.27 
Na20 3.14 3.47 3.47 3.136 2.84 3.09 
K20 4.86 &.01 &.07 4.82 &.21 5.12 
Mn02 0.02 0.04 0.02 ().(11 0.03 0.03 
P2051 0.02 0.04 0.02 0.02 0.02 0.02 
Ba 685. 1100. &84. &7. 409. &28. 
Nb 31. 34. 29. 36. 29. 34. 
Zr 138. 215. 12&. 99. 114. 116. 
y 69. 74. 79. &G. 78. 48. 
Sr 31. &0. 31. 8. 24. 23. 
Rb 162. 151. 171. 178. 168. 184. 
Zn 48. 59. 40. 36. 3&. 45. 
Cu 14. 14. 13. 13. 13. 14. 
Ni 2. 2. o. 2. 1. 6. 
Pb 29. 2&. 27. 30. 2&. 32. 
u 1. 2. 2. 2. 2. 1. 
Th 17. 21. 23. 24. 20. 20. 
v 9. 6. 8. &. 3. 6. 
Cr 0. G. 8. 11. 12. 7. 
Nd 58. 44. 41. 28. 40. 37. 
La 48. 39. 37. 21. 37. 27. 
Ce 100. 72. 63. 34. 74. 67. 
Qz 40.2 35.1 36.0 37.0 40.7 39.2 
Cor 1.4 1.1 0.9 1.& 1.2 1.4 
Or 28.8 29.6 30.0 28.5 30.8 30.3 
Ab 26.6 29.4 29.4 31.0 24.1 26.2 
An 1.0 1.7 1.8 0.6 1.3 1.2 
Hy 1.3 1.9 1.2 1.0 1.3 1.2 
Mgtte 0.5 0.7 0.4 0.3 0.4 0.4 
Ilm 0.2 0.3 0.2 0.1 0.2 0.2 
Aptte 0.0 0.1 0.0 0.0 0.0 0.0 
DI 95.5 94.2 9&.4 96.& 9&.6 95.6 
4 
99452 96451 984G1 91472 984G2 90461A 
Si02 77.58 77 .GG 7G.97 77.39 77.57 7G.19 
Ti02 0.10 0.11 0.11 0.10 0.11 0.14 
Al203 12.48 12.40 12.81 12.47 12.31 12.93 
Fe203 1.30 1.19 1.38 1.23 1.36 1.67 
MgO 0.04 0.02 0.05 0.04 0.05 0.05 
CaO 0.2G 0.23 0.25 0.22 0.42 0.38 
Na20 3.06 3.30. 3.55 3.18 3.39 3.46 
K20 5.12 5.04 4.85 5.32 4.72 5.09 
Mn02 0.02 0.02 0.02 0.03 0.03 0.04 
P205 0.02 0.03 0.02 0.03 0.03 0.03 
Ba 947. 570. 472. 842. 702. 1023. 
Nb 32. 25. 39. 26. 31. 34. 
Zr 140. 93. 177. 131. 150. 246. 
y 48. 67. 104. G4. 56. 72. 
Sr 41. 28. 24. 37. 37. 47. 
Rb 17G. 162. 185. lGG. 1G9. 160. 
Zn 35. 39. 44. 34. 41. 57. 
Cu 14 .. 14. 13. 13. 13. 13. 
Ni 9. 2. 7. 7. 1. 3. 
Pb 28. 26. 30. 27. 26. 26. 
u 1. 1. 2. 2. 2. 2. 
Th 20. 18. 24. 19. 18. 20. 
v G. G. 5. 6. 7. 12. 
Cr 15. 15. 8. 13. 9. 11. 
Nd 26. 42. 57. 43. 32. 52. 
La 24. 40. 49. 33. 21. 43. 
Ce 41. 75. 8G. GO. 49. 99. 
Qz 39.1 38.3 3G.7 37.G 38.4 35.1 
Cor 1.5 1.2 1.3 1.2 0.9 1.1 
Or 30.3 29.8 28.7 :n.5 27.9 30.1 
Ab 25.2 27.9 30.1 2G.9 28.7 29.3 
An 1.2 0.9 1.1 0.9 1.9 1.7 
Hy 1.3 1.1 1.4 1.3 1.4 1.7 
Mgtte 0.5 0.4 0.5 0.4 0.5 0.6 
Ilm 0.2 0.2 0.2 0.2 0.2 0.3 
Aptte 0.0 0.1 o.o· 0.1 0.1 0.1 
DI 95.3 96.0 95.4 9G.O 95.0 94.6 
89461 89423 90461B 95462B 90451 92471 
Si02 80.47 75.83 76.01 78.84 76.72 77.19 
Ti02 0.11 0.13 0.16 0.08 0.07 0.07 
Ah03 13.04 13.18 13.04 11.83 13.10 12.87 
Fe203 1.46 1.67 1.87 1.04 0.98 1.06 
MgO 0.06 0.06 0.06 0.02 0.03 0.03 
CaO 0.29 0.55 0.38 0.10 0.13 0.31 
Na20 3.99 3.62 3.56 3.25 3.39 3.25 
K20 0.51 4.90 4.84 4.79 5.53 5.17 
Mn02 0.03 0.04 0.04 0.02 0.02 0.03 
P20s 0.02 0.03 0.05 0.02 0.03 O.Dl 
Ba 853. 611. 853. 228. 898. 1060. 
Nb 26. 32. 34. 37. 34. 34. 
Zr 177. 177. 213. 140. 127. 250. 
y 76. 104. 93. 93. 72. 89. 
Sr 40. 38. 45. 13. 35. 46. 
Rb 143. 175. 183. 182. 188. 150. 
Zn 42. 44. 46. 34. 30. 54. 
Cu 11. 13. 13. 13. 13. 12. 
Ni 6. 5. 4. 4. 2. 3. 
Pb 24. 27. 30. 26. 27. 25. 
u 2. 2. 2. 2. 2. 2. 
Th 16. 21. 21. 25. 23. 19. 
v 8. 5. 7. 3. 3. 10. 
Cr 5. 9. 6. 10. 8. 10. 
Nd 49. 51. 48. 51. 23. 47. 
La 37. 58. 40. 29. 22. 52. 
Ce 76. 110. 90. 75. 30. 99. 
Qz 54.1 34.2 35.3 41.0 35.2 37.4 
Cor 5.5 1.0 1.4 1.2 1.4 1.4 
Or 3.0 29.0 28.6 28.3 32.7 30.6 
Ab 33.8 30.7 30.2 27.5 28.7 27.5 
An 1.3 2.5 1.6 0.4 0.4 1.5 
Hy 1.5 1.7 1.9 1.0 1.0 1.1 
Mgtte 0.5 0.6 0.7 0.4 0.4 0.4 
Ilm 0.2 0.2 0.3 0.2 0.1 0.1 
Aptte 0.0 0.1 0.1 0.0 0.1 0.0 
DI 90.9 93.8 94.1 96.9 96.6 95.5 
6 
00431 99451 89431 90461 89421 89422 
Si02 76.72 76.57 76.16 75.51 77.28 76.42 
Ti02 0.14 0.13 0.15 0.16 0.06 0.10 
Al203 12.59 12.85 12.81 13.29 12.85 12.96 
Fc203 1. 71 1.45 1.78 1.92 0.92 1.24 
MgO 0.05 0.05 0.07 0.06 0.02 0.04 
CaO 0.41 0.44 0.61 0.51 0.22 0.24 
Na20 3.42 3.44 3.29 3.59 3.37 3.66 
K20 4.88 5.03 5.06 4.89 5.27 5.29 
Mn02 0.04 0.03 0.03 0.03 0.02 0.03 
P20s 0.04 0.02 0.04 0.04 0.0 0.02 
Ba 874. 1063. 1097. 1036. 475. 553. 
Nb 36. 30. 30. 32. 25. 31. 
Zr 228. 189. 218. 230. 93. 93. 
y 89. 57. 74. 75. 63. 50. 
Sr 41. 48. 53. 4!:1. 25. 29. 
R.b 169. 157. 165. 162. 176. 188. 
Zn 56. 44. 46. 52. 27. 42. 
Cu 17. 14. 13. 15. 13. 13. 
Ni . 3. 4. 6. 2. 4. 5. 
Pb 26. 26. 25. 24. 29. 30. 
u 2. 2. 1. 1. 2. 1. 
Th 21. 19. 22. 20. 19. 18. 
v 5. 5. 10. 10. 5. 5. 
Cr 10. 10. 7. 9. 9. 9. 
Nd 43. 45. 61. 42. 21. 19. 
La 40. 35. 62. 39. 18. 15. 
Ce 90. 78. 138. 90. . 52. 37 . 
Qz 36.6 35.8 35.7 34.1 36.6 33.9 
Cor 1.0 1.0 0.9 1.3 1.2 0.8 
Or 28.9 29.8 29.9 28.9 31.2 31.3 
Ab 29.0 29.1 27.9 30.4 28.5 31.0 
An 1.8 2.1 2.8 2.3 1.1 1.1 
Hy 1.7 1.5 1.8 1.9 0.9 1.3 
Mgttc 0.6 0.5 0.6 0.7 0.3 0.4 
Ilm 0.3 0.2 0.3 0.3 0.1 0.2 
Aptte 0.1 0.0 0.1 0.1 0.0 0.0 
DI 95.5 94.7 93.5 93.4 96.3 96.2 
7 
96444A 99442 96451 96444B 94472 96453 
Si02 77.18 76.58 77.66 76.76 77.03 77.51 
Ti02 0.12 0.15 0.11 0.07 0.05 0.11 
Al203 12.80 12.68 12.40 13.16 12.83 12.31 
Fe203 1.20 1.6!) 1.19 1.14 1.01 1.33 
MgO 0.04 0.06 0.02 0.03 0.02 0.04 
CaO 0.45 0.60 0.23 0.17 0.24 0.30 
Na20 3.06 3.53 3.30 3.59 4.13 3.33 
K20 5.09 4.63 5.04 5.04 4.64 5.04 
Mn02 0.04 0.04 0.02 0.03 0.02 0.03 
P20s 0.02 0.04 0.03 0.01 0.01 0.02 
Ba 645. 1059. 146. 74. 26. 889. 
Nb 29. 32. 34. 45. 45. 29. 
Zr 114. 221. 116. 141. 150. 148. 
y 87. 83. 102. 42. 86. 74. 
Sr 33. 52. 13. 7. 4. 38. 
Rb 160. 142. 166. 226. 242. 169. 
Zn 39. 50. 46. 46. 35. 42. 
Cu 14. 14. 14. 13. 13. 0. 
Ni 5. 4. 3. 7. 4. 4. 
Pb 25. 26. 24. 33. 32. 28. 
u 2. 2. 2. 1. 3. 2. 
Th 23. 1!:1. 23. 27. 27. 21. 
v 6. 7. 7. 6. 6. 5. 
Cr 10. 8. 9. 7. 12. 10. 
Nd 62. 54. 44. 15. 36. 52. 
La 56. 50. 32. 15. 32. 44. 
Ce 110. 86. 87. 42. 79. 84. 
Qz 38.5 36.4 38.3 35.7 34.3 37.7 
Cor 1.5 0.9 1.2 1.5 . 0.6 0.9 
Or 30.1 27.4 29.8 29.8 27.4 29.8 
Ab 25.9 29.9 27.9 30.4 35.0 28.2 
An 2.1 2.7 0.9 0.8 1.1 1.4 
Hy 1.2 1.7 1.1 1.2 1.0 1.3 
Mgtte 0.4 0.6 0.4 0.4 0.4 0.5 
lim 0.2 0.3 0.2 0.1 0.1 0.2 
Aptte 0.0 0.1 0.1 0.0 0.0 0.0 
DI 94.5 93.7 96.0 95.9 96.7 95.7 
8 
88431 C2 C3 C4 CG C9 
Si02 75.52 77.40 77.28 77.84 77.63 75.92 
Ti02 0.15 0.07 0.11 0.10 0.11 0.16 
Ala03 13.19 12.61 12.56 12.30 12.35 12.97 
Fe203 1.91 1.05 1.33 1.17 1.31 1.94 
MgO 0.07 0.02 0.04 0.04 0.03 0.05 
CaO 0.38 0.12 0.37 0.40 0.19 0.44 
Na20 3.68 4.09 3.21 3.32 3.44 3.35 
K20 5.03 4.60 5.04 4.78 4.88 5.08 
Mn02 0.03 0.02 0.03 0.03 0.03 0.04 
P20s 0.04 0.01 0.03 0.03 0.02 0.04 
Ba 718. 9. 917. 817. 377. 1090. 
Nb 35. 35. 25. 30. 33. 31. 
Zr 241. 109. 158. 124. 135. 232. 
y 87. 75. 44. 62. 88. 66. 
Sr 33. 6. 48. 40. 29. 51. 
Rb 189. 210. 152. 158. 180. 160. 
Zn 53. 36. 46. 47. 55. 51. 
Cu 13. 11. 11. 12. 12. 11. 
Ni 2. 6. 5. 5. 6. 5. 
Pb 28. 28. 25. 29. 26. 26. 
u 2. 4. 1. 2. 3. 2. 
Th 20. 23. 15. 19. 18. 21. 
v 9. 2. 5. 7. 5. 12. 
Cr 7. 5. a. 7. 7. 7. 
Nd 45. 50. 42. 41. 67. 60. 
La 33. 40. 38. 38. 56. 53. 
Ce 77. 76. 75. 86. 102. 118. 
Qz 33.3 35.3 38.0 38.9 38.0 35.3 
Cor 1.1 0.7 1.2 1.0 1.1 1.3 
Or 29.8 27.2 29.8 28.3 28.9 30.1 
Ab 31.2 34.6 27.2 28.1 29.1 28.4 
An 1.6 0.5 1.6 1.8 0.8 1.9 
Hy 2.0 1.1 1.3 1.2 1.3 1.9 
Mgtte 0.7 0.4 0.5 0.4 0.5 0.7 
lim 0.3 0.1 0.2 0.2 0.2 0.3 
Aptte 0.1 0.0 0.1 0.1 0.0 0.1 
DI 94.2 97.2 95.0 95.3 96.0 93.8 
9 
C14 C19 C42 C43 C45 C73 
Si02 77.73 70.54 77.59 78.28 77.10 77.15 
Ti02 0.09 0.02 0.00 0.06 0.05 0.13 
Ah03 12.39 13.46 12.55 12.21 13.02 12.33 
Fe203 1.23 0.95 1.00 1.07 1.07 1.73 
MgO 0.03 0.0 0.04 0.02 0.03 0.06 
CaO 0.18 0.0 0.4() 0.15 0.07 0.46 
Na20 3.53 4.11 3.35 3.45 3.68 3.21 
K20 4.77 4.87 4.91 4.70 4.86 4.87 
Mn02 0.03 0.02 0.03 0.03 0.03 0.03 
P20s 0.02 0.01 0.01 0.02 0.01 0.03 
Ba 422. 0. 0. 119. 0. 957. 
Nb 33. 59. 40. 38. 42. 31. 
Zr 132. 107. 128. 111. 122. 179. 
y GO. 23. 90. 41. 29. . 73. 
Sr 24. 1. 6. 10. 5. 43. 
Rb 193. 302. 253. 218. 250. 162. 
Zu 45. 42. 42. 115. 154. 42. 
Cu 11. 14. 12. 10. 18. 11. 
Ni 4. 4. 8. 3. 3. 6. 
Pb 26. 31. 29. 31. 31. 24. 
u 3. 3. 3. 3. 4. 2. 
Th 22. 25. 22. 23. 25. 19. 
v 3. 0. 2. 5. 2. 9. 
Cr 8. 6. 7. 11. 6. 7. 
Nd 33. 15. 58. 29. 33. 55. 
La 19. 15. 39. 15. 13. 39. 
·Ce 56. 12. 86. 43. 42. 77. 
Qz 38.1 33.0 37.9 39.5 36.5 38.2 
Cor 1.1 1.4 0.9 1.2 1.6 1.0 
Or 28.2 28.8 29.0 27.8 28.7 28.8 
Ab 29.9 34.8 28.4 29.2 31.2 27.2 
Au 0.8 0.0 2.2 O.G 0.3 2.1 
Hy 1.2 1.0 1.1 1.1 1.1 1.8 
Mgtte 0.5 0.4 0.4 0.4 0.4 O.G 
Ilm 0.2 0.0 0.1 0.1 0.1 0.2 
Aptte 0.0 0.0 0.0 0.0 0.0 0.1 
DI 96.2 98.2 95.3 90.5 96.5 94.2 
10 
C74 C77 C78 C8!.> C92 C93 
Si02 83.42 79.16 77.49 75.40 76.84 73.75 
Ti02 0.05 0.07 0.05 0.15 0.13 0.19 
Al~03 9.32 11.59 12.50 13.11 12.44 14.10 
Fe203 0.77 0.97 1.00 1.88 1.61 2.31 
MgO 0.02 0.03 0.02 0.15 0.04 0.06 
CaO 0.08 0.24 0.30 0.51 0.40 0.56 
Na20 2.74 2.92 4.09 3.26 3.67 3.58 
K20 3.56 4.99 4.52 5.46 4.81 5.36 
Mn02 0.02 0.02 0.02 0.04 0.04 0.04 
P20s 0.01 0.01 0.01 0.04 0.03 0.04 
Ba 17. 283. 0. 1365. 521. 1312. 
Nb 26. 29. 44. 30. 29. 35. 
Zr 72. 92. 129. 187. 177. 245. 
y 49. 76. 108. 66. 69. 52. 
Sr 9. 19. 4. 62. 32. 59. 
Rb 151. 176. 228. 166. 188. 181. 
Zn 26. 30. 34. 72. 51. 60. 
Cu 11. 12. 11. 11. 11. 11. 
Ni 4. 3. 8. 6. 5. 6. 
Pb . 23. 24 . 31. 31. 26. 27. 
u 3. 2. 3. 3. 2. 3. 
Th 17. 20. 23. 16. 19. 19. 
v 2. 2. 0. 7. 5. 10. 
Cr 6. 7. 6. 7. 6. 7. 
Nd 29. 43. 39. 57. 50. 36. 
La 16. 34. 24. 51. 45. 36. 
Ce 36. 72. 69. 98. 94. 102. 
Qz 53.4 42.2 35.3 33.6 35.6 30.3 
Cor 0.8 1.0 0.4 1.0 0.5 1.5 
Or 21.1 29.5 26.7 32.3 28.5 31.7 
Ab 23.2 24.7 34.6 27.6 31.1 30.3 
An 0.3 1.1 1.4 2.3 1.8 2.5 
Hy 0.8 1.0 1.0 2.1 1.6 2.3 
Mgtte 0.3 0.4 0.4 0.7 0.6 0.9 
lim 0.1 0.1 0.1 0.3 0.2 0.4 
Aptte 0.0 0.0 0.0 0.1 0.1 0.1 
DI 97.6 96.4 96.7 93.5 95.1 92.4 
11 
C94 C95 C98 C99 C108 Cl14 
SiOz 75.26 76.46 74.44 78.37 78.85 76.76 
TiOz 0.16 0.11 0.09 0.11. 0.07 0.08 
A}z03 13.25 12.96 14.23 11.71 11.77 13.00 
Fez OJ 1.86 1.46 1.18 1.44 1.00 1.14 
MgO 0.14 0.05 0.03 0.05 0.02 0.02 
CaO 0.50 0.49 0.43 0.35 0.17 0.23 
NazO 3.29 3.52 4.10 3.16 3.23 3.65 
KzO 5.46 4.90 5.44 4.7G 4.84 5.08 
Mn02 0.04 0.03 0.03 0.03 0.02 0.02 
PzOs 0.04 0.02 0.03 0.02 0.02 0.02 
Ba 1342. 896. 1131. 612. 411. 647. 
Nb 30. 30. 33. 26. 28. 28. 
Zr 198. 154. 130. 152. 102. 109. 
y 64. 66. 74. 76. 51. 56. 
Sr 62. 46. 49. 29. 25. 30. 
Rb 165. 173. 191. 153. 178. 213. 
Zn 75. 43. 34. 36. 32. 35. 
Cu 11. 11. 11. 11. 11. 11. 
Ni 6. 5. 6. G. 4. 5. 
Pb 30. 25. 2G. 26. 25. 30. 
u 2. 3. 3. 3. 3. 3. 
Th 16. 19. 18. 22. 18. 21. 
v 7. 7. 7. 5. 2. 2. 
Cr 7. 6. 0. G. 6. 7. 
Nd 41. 32. 45. 79. 30. 37. 
La 41. 31. 30. 67. 30. 30. 
Ce 73. 55. 68. 125. 53. 42. 
Qz 33.3 35.6 28.4 40.4 40.8 35.2 
Cor 1.1 1.0 0.9 0.8 1.0 1.1 
Or 32.3 29.0 32.2 28.2 28.6 30.0 
Ab 27.9 29.8 34.7 26.8 27.4 30.9 
An 2.2 2.3 1.9 1.6 0.7 1.0 
Hy 2.1 1.5 1.2 1.5 1.0 . 1.1 
Mgtte 0.7 0.5 0.4 0.5 0.4 0.4 
lim 0.3 0.2 0.2 0.2 0.1 0.2 
Aptte 0.1 0.0 0.1 0.0 0.0 0.0 
DI 93.5 94.4 95.3 95.4 96.8 96.1 
12 
C118 C120 C121 C122 C124 C125 
Si02 /75.88 77.4() 77.07 78.37 78.89 76.75 
Ti02 0;13 0.09 0.16 ().10 0.07 0.11 
AhOJ 13.08 12.51 12.13 12.05 11.71 12.71 
Fe203 1.74 1.22 1,!)() 0.94 0.95 1.33 
MgO '0.04 0.03 0.06 . 0.04 0.02 0.08 
CaO 0.45 0.30 0.45 0.44 0.1() 0.39 
Na20 3.42 3.32 3.19 3.20 3.44 3.57 
K20 5.21 5.02 4.89 4.84 4.72 5.01 . 
Mn02 0.03 0.03 0.03 0.02 0.02 . 0.03 
P20s 0.03 0.02 0.04 0.01 0.02 0.03 
Ba 1081. 510. 861. 538. 141. 565. 
Nb 30. 33. 32. 27. 29. 36. 
Zr 176. 132. 203. 131. 106. 147. 
y 54. 62. 63. 57. 61. 91. 
Sr 50. 26. 45. 39. 13. 34. 
Rb 170. 193. 160. 147. L87. 195. 
Zn 42. 39. 42. 24. 26. 37. 
Cu 11. 11. 11. 11. 11. 11. . 
Ni 7. 6. 7. 5. 5. 5. 
Ph . 26. 27 . 24. 28. 27. 28. 
u 3. 3. 3. 4. 3. 3. 
Th 18. 21. 19. 13. 17. 23. 
v 7. 2. 7. 3. 0. 3. 
Cr 6. 5. 7. 14. 6. 6. 
Nd 55. 52. 68. 34. 43. 65. 
La 39. 46. 55. 26. 35. 48. 
Ce 79. 107. 108. 58. 74. 90. 
Qz 34.4 37.8 38.1 39.9 40.1 35.4 
Cor 1.1 1.1 0.9 0.8 0.7 0.8 
Or 30.8 29.7 28.!) 28.6 27.9 29.6 
Ab 29.0 28.1 27.0 27.1 2!).1 30.2 
An 2.0 1.4 2.0 2.1 0.7 1.7 
Hy 1.7 1.2 1.!) 0.!) 0.9 1.4 
Mgtte 0.6 0.5 0.7 0.3 0.4 0.5 
lim 0.2 0.2 0.3 0.2 0.1 0.2 
Aptte 0.1 0.0 0.1 0.0 0.0 0.1 
DI 94.2 95.6 94.1 95.6 97.2 95.3 
13 
C127 C132 C133 C134 C135 C136 
Si02 76.22 76.85 79.49 76.25 75.29 76.23 
Ti02 0.13 0.15 0.06 0.13 0.16 0.16 
Al20a 13.06 12.42 11.45 13.24 13.14 12.48 
Fe20a 1.44 1.90 0.94 1.43 . 1.95 2.05 
MgO 0.04 0.05 0.02 0.04 0.05 0.07 
CaO 0.42 0.51 0.19 0.47 0.65 0.52 
Na20 3.31 3.21 3.17 3.32 3.51 3.15 
K20 5.33 4.83 4.64 5.04 5.17 5.26 
Mn02 0.03 0.03 0.02 0.05 0.04 0.04 
P20s 0.03 0.04 0.02 0.04 0.04 0.05 
Ba 1009. 1051. 131. 1024. 1226. 1120. 
Nb. 24. 32. 26. 30. 34. 34. 
Zr 164. 192. 67. 178. 229. 198. 
y 49. 95. 56. 61. 81. 102. 
Sr 52. 49. 14. 49. GO. 49. 
Rb 157. 164. 179. 171. 166. 163. 
Zn 38. 99. 25. 38. 53. 49. 
Cu 10. 13. 11. 12. 10. 11. 
Ni 5. 7. 4. 5. 5. 7. 
Pb . 26. 27 . 28. 25. 26. 25. 
u 2. 3. 3. 3. 2. 3. 
Th 15. 17. 21. 17. 21. 19. 
v 10. 7. 0. 10. 7. 7. 
Cr 8. 6. G. 7. 10. 10. 
Nd 41. 82. 42. 56. 66. 75. 
La 42. 63. 25. 47. 55. 62. 
Ce 80. 123. 68. 94. 123. 120. 
Qz 35.1 37.9 42.5 36.1 33.0 35.9 
Cor 1.2 1.1 0.9 l.G 0.7 0.8 
Or 31.5 28.6 27.4 29.8 30.6 31.1 
Ab 28.0 27.2 26.8 28.1 29.7 26.7 
An 1.9 2.3 0.8 2.1 3.0 2.3 
Hy 1.4 1.9 0.9 1.4 1.9 2.1 
Mgtte 0.5 0.7 . 0.3 0.5 0.7 0.8 
lim 0.2 0.3 0.1 0.2 0.3 0.3 
Aptte 0.1 0.1 0.0 0.1 0.1 0.1 
Dl 94.7 93.7 96.8 94.1 93.3 93.7 
14 
C137 Cl38 Cl40 C141 C143 C144 
Si02 82.40 78.97 74.02 75.19 77.79 78.03 
Ti02 ().04 0.05 0.25 O.l!J 0.12 0.08 
Ah03 9.93 11.85 13.52 13.18 12.04 12.10 
Fe203 O.G7 0.83 2.90 2.17 1.46 1.02 
MgO 0.02 0.0 0.08 0.07 0.06 0.02 
CaO 0.14 0.12 0.71 0.67 0.41 0.21 
Na20 2.87 3.18 3.53 3.53 3.31 3.54 
K20 3.89 4.9G 4.90 4.93 4.76 4.96 
Mn02 0.02 0.02 0.05 0.04 0.03 0.02 
P.205 0.02 0.01 0.04 0.04 0.02 0.02 
Ba 52. 276. 1020. 1046. 952. 367. 
Nb 25. 28. 40. 32. 31. 33. 
Zr 88. 76. 352. 238. 165. 127. 
y 47. 42. 78. GO. 68. 40. 
Sr 18. 18. 58. 52. 46. 20. 
Rb 150. 182. 17G. 1G3. 151. 196. 
Zn 19. 31. 85. 63. 31. 34. 
Cu 11. 10. 11. 12. 11. 11. 
Ni 4. 3. 7. 4. G. 5. 
Pb . 24. 27. 27. 27. . 26 . 27. 
u 2. 2. 3. . 3. 3. 3 . 
Th 19. 19. 20. 19. 16. 24. 
v 0. 2. 10. 12. 3. 3. 
Cr 5. 10. 8. 5. 7. 7. 
Nd 26. 34. 89. 53. 45. 41. 
La 16. 22. 84. 47. 35. 26. 
Ce 41. 62. 184. 90. 72. 58. 
Qz 50.3 40.9 32.1 33.5 38.8 37.6 
Cor 0.8 1.1 U! 0.9 0.7 0.6 
Or 23.0 29.3 29.0 2!>.2 28.2 29.3 
Ab 24.3 26.9 29.9 29.9 28.0 30.0 
An 0.6 0.5 3.3 3.1 1.9 0.9 
Hy 0.7 0.8 2.8 2.2 1.5 1.0 
Mgtte 0.2 0.3 1.1 0.8 0.5 0.4 
Ilm 0.1 0.1 0.5 0.4 . 0.2 0.2 
Aptte 0.0 0.0 0.1 0.1 0.0 0.0 
DI 97.6 97.2 91.0 92.G 95.0 96.9 
15 
C145 C146 C147 C148 C149 C151 
Si02 77.09 77.74 76.58 80.51 76.80 76.84 
Ti02 0.14 0.09 0.11 0.07 0.13 0.10 
AhOa 12.27 12.41 13.04 10.84 12.52 12.78 
Fe20a 1.76 1.21 1.46 0.92 1.65 1.40 
MgO 0.05 0.03 0.04 0.02 0.05 0.04 
CaO 0.54 0.23 0.40 0.23 0.40 0.29 
Na20 3.29 3.18 3.23 3.02 3.40 3.38 
K20 4.80 5.07 5.08 4.34 4.98 5.11 
Mn02 0.03 0.03 0.02 0.02 0.04 0.03 
P20s 0.03 0.02 0.03 0.02 0.03 0.02 
Ba 1020. 659. 909. 234. 925. 496. 
Nb 31. 32. 27. 24. 32. 36. 
Zr 1G7. 118. 151. 89. 185. 122. 
y 68. 75. 68. 50. 53. 143. 
Sr 51. 32. 44. 19. 40. 31. 
Rb 154. 187. 178. 156. 176. 184. 
Zn 49. 45. 102. 29. 46. 42. 
Cu 11. 15. 14. 11. 11. 11. 
Ni 4. 6. 6. 5. 4. 7. 
Pb . 26. 26. 25 . 24. 26. 26. 
u 3. 3. 3. 2. 4. 4. 
Th 22. 21. 14. 17. 20. 21. 
v 5. 2. 7. 2. 9. 3. 
Cr 14. 6. 13. 7. 8. 10. 
Nd 63. 59 .. 42. 41. 30. 80. 
La 44. 41. 39. 25. 34. 64. 
Ce 90. 86. 73. 32. 67. 96. 
Qz 37.7 38.9 36.!) 45.5 36.5 36.4 
Cor 0.8 1.3 1.6 0.8 0.9 1.2 
Or 28.4 30.0 30.1 25.7 29.5 30.2 
Ab 27.9 26.9 27.4 25.6 28.8 28.6 
An 2.5 1.0 1.8 1.0 1.8 1.3 
Hy 1.7 1.2 1.4 0.9 1.7 1.4 
Mgtte 0.7 0.4 0.5 0.3 0.6 0.5 
Ilm 0.3 0.2 0.2 0.1 0.2 0.2 
Aptte 0.1 0.0 0.1 0.0 0.1 0.0 
DI 94.0 95.8 94.4 !)6.8 94.7 95.3 
16 
C153 C154 Clti8 C159 95462 90461B 
Si02 75.30 76.27 78.98 76.13 77.88 76.03 
Ti02 0.15 0.14 0.08 0.15 0.06 0.13 
Al203 13.30 12.93 11.66 12.8G 12.41 13.00 
Fc203 1.84 1.73 1.18 2.04 0.88 1.66 
MgO 0.05 0.04 0.03 0.04 0.04 0.05 
CaO 0.68 0.42 0.21 0.59 0.30 0.45 
Na20 3.65 3.33 3.18 3. 7!) 3.G2 3.52 
K20 4.93 5.06 4.64 4.33 4.89 5.10 
Mn02 0.05 0.03 0.03 0.04 0.02 0.04 
P20s 0.04 0.04 0.02 0.02 0.01 0.02 
Ba 1072. 1043. 394. 288. 178. 898. 
Nb 31. 30. 30. 42. . 34. 31. 
Zr 217. 190. 123. 171. 121. 186. 
y 92. 57. 48. 92. 84. 83. 
Sr 54. 45. 20. 32. 13. 47. 
Rb 162. 168. 180. 199. 173. 175. 
Zn 52. 78. 40. 47. 34. 46. 
Cu 12. 14. 11. 11. 11. 11. 
. Ni 6. 6. 5. 8. 7 . 7. 
Pb 25. 28. 24. 26. 25. 27. 
u 3. 3. 3. 2. 3. 2. 
Th 18. 20. 20. 24. 20. 17. 
v 7. 5. 3. 5. 3. 7. 
Cr 5. 9. 5. 10. 11. 6. 
Nd 84. 50. 39. 67. 54. 59. 
La 61. 43. 32. 55. 38. 49. 
Ce 174. 107. 103. 125. 73. 96. 
Qz 33.0 36.0 41.8 35.4 37.7 34.4 
Cor 0.8 1.3 1.1 0.9 0.8 0.9 
Or 29.2 29.9 27.4 25.6 28.9 30.2 
. Ab 30.9 28.2 26.9 32.1 29.8 29.8 
An 3.1 1.8 0.9 2.8 1.4 2.1 
Hy 1.9 1.7 1.2 2.0 0.9 1.7 
Mgtte 0.7 0.6 0.4 0.8 0.3 0.6 
Ilm 0.3 0.3 0.2 0.3 0.1 0.2 
Aptte 0.1 0.1 0.0 0.0. 0.0 0.0 
DI 93.2 94.2 96.2 93.2 96.4 94.4 
17 
92471 89423 90452 89451 95482 99441 
Si02 76.04 76.04 77.00 76.54 77.33 75.30 
Ti02 0.17 0.12 0.08 0.13 0.08 0.16 
Al203 12.58 13.04 12.63 12.62 12.48 12.99 
Fe203 2.11 1.65 1.18 1.68 1.03 1.92 
MgO 0.07 0.05 0.04 0.06 0.04 0.06 
CaO 0.55 0.58 0.45 0.52 0.35 0.70 
Na20 3.43 3.58 3.52 3.42 3.62 4.04 
K20 4.98 4.90 5.06 4.99 5.04 4.76 
Mn02 0.04 0.03 0.02 0.04 0.03 0.04 
P205 0.03 0.01 0.01 0.01 0.0 0.02 
Ba 1060. 611. 584. 553. 528. 991. 
Nb 34. 32. 29. 35. 34. 37. 
Zr 250. 177. 125. 228. 116. 290. 
y 89. 104. 79. 103. 48. 68. 
Sr 46. 38. 31. 28. 23. 52. 
Rb 150. 175. 171. 190. 184. 184. 
Zn 54. 44. 40. 53. 45. 93. 
Cu 12. 13. 13. 14. 14. 13. 
Ni 3. 5. o. 2. 6. 5. 
Pb 25. 27. 27. 28. 32. 24. 
u 2. 2. 2. 1. 1. 1. 
Th 19. 21. 23. 22. 20. 24. 
v 10. 5. 8. 10. 6. 9. 
Cr 10. 9. 8. 13. 7. 8. 
Nd 47. 51. 41. 40. 37. 60. 
La 52. 58. 37. 34. 27. 55. 
Ce 99. 110. 63. 67. 67. 113. 
Qz 37.4 34.2 36.0 36.3 39.2 31.7 
Cor 1.4 1.0 0.9 0.9 1.4 0.0 
Or 30.6 29.0 30.0 29.4 30.3 28.0 
Ab 27.5 30.7 29.4 28.6 26.2 34.2 
An 1.5 2.5 1.8 2.1 1.2 3.2 
Hy 1.1 1.7 1.2 1.7 1.2 1.9 
Mgtte 0.4 0.6 0.4 0.6 0.4 0.7 
Ilm 0.1 0.2 0.2 0.3 0.2 0.3 
Aptte 0.0 0.1 0.0 0.1 0.0 0.1 
DI 95.5 93.8 95.4 94.4 95.6 93.8 
18 
92482 97471 90472 92481 97392 97411 
Si02 76.49 76.69 7G.l9 76.84 76.56 76.63 
Ti02 0.16 0.13 0.13 0.05 0.13 0.06 
Ah03 12.85 12.91 12.83 13.05 12.49 13.15 
Fe203 1.43 1.34 1.61 0.71 1.84 0.77 
MgO 0.06 0.05 0.07 0.04 0.07 0.03 
CaO 0.58 0.46 0.47 0.27 0.72 0.30 
Na20 3.44 3.46 3.63 3.58 3.27 3.19 
K20 4.92 4.91 [,!,()2 5.43 4.88 [1.84 
Mn02 0.04 0.02 0.04 0.02 0.03 0.01 
P20s 0.03 0.02 0.01 0.0 0.01 0.01 
Ba 1271. 1085. 857. 4u5. 1003. 673. 
Nb 34. 34. 38. 28. 30. 24. 
Zr 249. 205. 227. 68. 184. 62. 
y 69. 69. 71. Gl. 87. 42. 
Sr 53. 48. 42. 23. 52. 32. 
Rb 152. 161. 180. 186. 154. 196. 
Zn 47. 40. 5G. 27. 48. 23. 
Cu 13. 13. 14. 13. 11. 10. 
Ni 3. 7. 3. G. 6. 4. 
Pb 28. 28. 33. 30. 24. 28. 
u 2. 2. 2. 2. 2. 3. 
Th 22. 20. 24. 16. 17. 15. 
v 10. 7. 8. 2. 9. 2. 
Cr 6. 20. 10. 7. 13. 16. 
Nd 40. 46. 41. 20. 60. 18. 
La 42. 45. 40. 6. 55. 22. 
Ce . 88. 84 . 83. 36. 104. 30. 
Qz 36.1 36.2 34.G 34.7 36.5 34.8 
Cor 1.1 1.4 0.7 1.2 0.5 1.1 
Or 28.8 29.1 29.0 32.2 28.9 34.5 
Ab 29.1 29.3 30.3 30.2 27.7 27.0 
An 2.5 1.7 1.9 0.5 3.5 1.4 
Hy 1.4 1.4 1.7 0.8 1.9 0.8 
Mgtte o.u 0.5 O.G 0.3 0.7 0.3 
Ilm 0.3 0.3 0.3 0.1 0.2 0.1 
Aptte 0.1 0.1 0.1 0.0 0.0 0.0 
DI 94.0 94.6 94.8 97.1 93.1 96.3 
19 
00411 !J6404A 96404C 97382B 97403 96412 
Si02 77.06 76.85 76.!)4 76.72 77.88 75.38 
Ti02 0.09 0.09 0.04 0.08 0.12 0.07 
Al203 12.69 12.78 12.92 13.03 11.93 13.97 
Fe203 1.21 1.31 0.83 1.19 1.23 0.88 
MgO 0.04 0.05 0.03 0.04 0.05 0.04 
Ca.O 0.32 0.36 0.26 0.28 0.53 0.40 
Na20 3.37 3.03 4.23 3.51 3.19 3.56 
K20 5.20 5.50 4.73 5.12 5.04 5.68 
Mn02 0.02 0.03 0.03 0.02 0.02 0.02 
P20s 0.01 0.01 ().(11 0.01 0.02 0.01 
Ba 500. 689. 0. 318. 1087. 1185. 
Nb 32. 27. 41. 34. 28. 26. 
Zr 105. 134. 151. 118. 156. 103. 
y 62. 49. 64. 44. 68. 40. 
Sr 21. 37. 3. 18. 47. 48. 
Rb 192. 1G2. 274. 208. 155. 189. 
Zn 42. 3!). 40. 38. 36. 35. 
Cu 12. 11. 10. 11. 12. 11. 
Ni 5. 7. 7. 6. 5. 3. 
Pb 27. 25. 31. 29. 25. 29. 
u 3. 1. 4. 2. 3. 3. 
Th 17. 1 !J. 31. 24. 14. 16. 
v 5. 5. 2. 3. 9. 2. 
Cr 13. 24. 8. 11. 7. 14. 
Nd 40. 35. 19. 34. 69. 34. 
La 27. 32. 13. 21. 62. 15. 
Ce 71. &7. 41. 76. 116. 64. 
Qz 36.4 36.8 33.3 35.6 38.4 31.7 
Cor 1.0 1.2 0.4 1.2. 0.3 1.3 
Or 30.8 32.5 28.0 30.3 29.8 33.6 
Ab 28.5 25.7 35.8 29.7 27.0 30.1 
An 1.5 1.7 1.2 1.3 2.5 1.9 
Hy 1.2 1.4 0.9 1.2 1.2 0.9 
Mgtte 0.4 0.5 0.3 0.4 0.5 0.3 
Ilm 0.2 0.2 0.1 0.2 0.2 0.1 
Aptte 0.0 0.0 0.0 0.0 0.0 o.o 
DI 95.6 95.0 97.1 95.6 95.2 95.4 
20 
98401 96404D 98421 00432 00413B 98432F 
Si02 76.55 75.10 76.69 77.57 77.85 70.69 
Ti02 0.12 0.12 0.0!) 0.07 0.09 0.50 
AI203 12.77 13.67 12.84 12.52 12.30 13.74 
Fe203 1.55 1.33 1.27 1.14 1.09 4.61 
MgO 0.05 0.05 0.05 0.04 0.05 0.17 
Ca.O 0.47 0.42 0.35 0.30 0.27 1.73 
Na.20 3.25 3.40 3.30 3.52 3.25 4.28 
K20 5.21 5.88 5.37 4.83 5.06 4.07 
Mu02 0.02 0.03 0.03 0.02 0.03 0.10 
P20s 0.02 0.01 0.01 0.0 0.01 0.11 
Ba 1182. 374. 711. 280. 488. 782. 
Nb 27. 2!). 28. 37. 31. 58. 
Zr 165. 90. 111. 147. 129. 635. 
y 62. 52. 67. 52. 76. 153. 
Sr 50. 26. 35. 15. 32. 64. 
Rb 161. 165. 180. 216. 164. 183. 
Zu 47. 38. 36. 115. 41. 165. 
Cu 11. 12. 11. 17. 12. 12. 
Ni 7. 6. 5. 5. 6. 7. 
Pb 26. 26. 2G. 29. 25. 22. 
u 3. 3. 4. 3. 2. 4. 
Th 15. 18. 16. 21. 21. 29. 
v 3. 9. 3. 2. 3. 24. 
Cr 7. 12. 24. 11. 15. 6. 
Nd 58. 30. 52. 24. 59. 151. 
La 42. 27. 38. 26. 49. 137. 
Ce 86. 53. 66. 47. 88. 274. 
Qz 3G.1 31.3 35.6 37.4 38.5 25.1 
Cor 1.0 1.0 1.0 1.0 1.0 0.0 
Or 30.8 34.8 31.8 28.6 29.9 24.1 
Ab 27.5 28.8 28.0 29.8 27.5 36.3 
Au 2.2 2.0 1.7 1.5 1.3 6.3 
Hy 1.5 1.3 1.3 1.2 1.1 3.8 
Mgtte 0.6 0.5 0.5 0.4 0.4 1.7 
Ilm 0.2 0.2 0.2 0.1 0.2 1.0 
Aptte 0.0 0.0 0.0 0.0 0.0 0.3 
DI 94.4 94.9 95.3 95.8 96.0 85.6 
21 
98431F 98424 99411 97382 97391 00401 
Si02 77.18 78.36 77.28 9!>.69 76.40 76.73 
Ti02 0.11 0.06 0.09 0.0 0.15 0.09 
Al203 12.33 11.99 12.50 0.24 12.36 12.88 
Fe203 1.33 0.87 1.17 0.03 1.93 1.21 
MgO 0.05 0.04 0.05 0.0 0.06 0.04 
CaO 0.60 0.37 0.37 0.02 0.60 0.40 
Na20 3.33 3.54 3.32 0.0 3.42 3.57 
K20 5.02 4.75 5.1!> 0.02 5.01 5.05 
Mn02 0.03 0.02 0.03 0.0 0.03 0.02 
P20r, 0.01 0.0 0.0 0.0 0.03 0.0 
Ba 1035. 70. 558. 219. l120. 542. 
Nb 22. 25. 30. 29. 32. 34. 
Zr 146. 71. 107. 68. 203. 146. 
y 52. 48. (j!), 78. 49. 57. 
Sr 53. 10. 24. 15. 51. 25. 
Rb 145. 176. 1!>3. 183. 154. 194. 
Zn 40. 29. 42. 29. 44. 38. 
Cu 12. 11. 11. 11. 11. 11. 
Ni 6. 5. 5. 4. 4. 6. 
Pb 25. 26. 27. 25. 25. 28. 
u 3. 3. 3. 3. 3. 4. 
Th 16. 20. 17. 17. 18. 20. 
v 5. 2. 3. 1. 9. 2. 
Cr 8. 8. 5. G. 8. 12. 
Nd 65. 37. 50. 45. 51. 50. 
La 57. 24. 35. 20. 49. 40. 
Ce 124. 50. 115. 43. 108. 99. 
Qz 36.7 38.4 36.8 99.6 35.3 35.2 
Cor 0.4 0.4 0.7 0.2 0.3 0.8 
Or 29.7 28.1 30.7 0.1 29.7 29.9 
Ab 28.2 30.0 28.1 o.o 29.0 30.2 
An 2.9 1.8 1.8 0.1 2.8 2.0 
Hy 1.4 0.9 1.2 o.o 1.9 1.2 
Mgtte 0.5 0.3 0.4 0.0 0.7 0.4 
Ilm 0.2 0.1 0.2 0.0 . 0.3 0.2 
Aptte 0.0 0.0 0.0 o.o 0.1 0.0 
DI 94.7 96.4 95.6 99.7 93.9 95.4 
22 
96402 !J5411A 95391 95412A 94432A 91381 
Si02 75.03 77.44 79.18 76.35 79.33 75.88 
Ti02 0.15 0.06 0.09 0.12 0.07 0.14 
Ah03 13.25 12.65 11.57 12.87 11.44 13.01 
Fe203 2.01 0.96 0.99 1.66 0.91 1.79 
MgO 0.06 0.04 0.05 0.05 0.04 0.07 
Ca.O 0.61 0.27 0.39 0.53 0.31 0.68 
Na20 3.55 3.28 2.90 3.41 3.12 3.32 
1(20 5.27 5.26 4.82 4.98 4.76 5.05 
Mn02 0.03 0.02 0.02 0.03 0.02 0.04 
P20s 0.02 0.01 0.01 0.02 0.01 0.02 
Ba 1178. 78. 840. 1219. 422. 1110. 
Nb 30. 33. 0. 31. 28. 26. 
Zr 211. 100. 8. 209. 104. 198. 
y 74. 53. 93. 51. 51. 103. 
Sr 54. 10. 36. 53. 22. 59. 
Rb 176. 195. 154. 163. 176. 136. 
Zn 48. 30. 35. 49. 28. 50. 
Cu 11. 11. 11. 11. 11. 11. 
Ni 5. 4. 5. 7. 6. 6. 
Pb 27. 28. 24. 25. 25. 25. 
u 3. 2. 2. 3. 2. 2. 
Th 17. 24. 0. 17. 22. 19. 
v 7. 2. 3. 5. 3. 3. 
Cr 7. 6. 6. 15. 7. 9. 
Nd 58. 35. 61. 36. 48. 117. 
La 61. 25. 50. 38. 37. 120. 
Ce 111. 91. 92. 81. . 95. 169. 
Qz 32.1 37.2 42.6 35.6 41.9 35.0 
Cor 0.6 1.1 0.9 1.0 0.6 0.9 
Or 31.2 31.1 28.5 29.5 28.1 29.9 
Ab 30.1 27.8 ·24.6 28.9 26.4 28.1 
An 2.9 1.3 1.9 2.5 1.5 3.2 
Hy 2.0 1.0 1.0 1.7 1.0 1.8 
Mgtte 0.7 0.4 0.4 0.6 0.3 0.7 
lim 0.3 0~1 0.2 0.2 0.1 0.3 
Aptte 0.0 0.0 0.0 0.0 0.0 0.0 
DI 93.4 96.1 95.6 94.0 96.5 93.0 
23 
'94444 964'11C 96452 97451 88441 96421 
''' 
Si02:. '78.79 78.42 77.99 77.69 79.40 77.61 
Ti02 0.07 0.07 0.10 0.10 0.07 0.09 
' Al203 11.67 12.04 11.97 12.13 11.29 12.40 
Fc20j 0.87 0.83 1.21 1.29 0.85 1.29 
MgO 0.04 0.04 0.05 0.05 0.04 0.04 
CaO 0.40 0.32 0.61 0.42 0.31 0.45 
Na20 3.24 3.40 3.20 3.27 2.89 3.15 
K20 4.88, 4.86 4.7!) 5.02 5.12 4.93 
Mn02 0.02 0.03 0.03 0.02 0.02 0.02 
P205 0.01 0.0 0.()1 O.ol 0.01 0.01 
' 
Ba 287. ,380. 650. 946. 711. 736. 
Nb 26. 27. 25. 25. 23. 29. 
Zr 103. 97. 150. 109. 81. 138. 
y 67. 48. G7. 62. 56. 49. 
Sr 19. 20. 37. 46. 36. 42. 
R.b 167. 190. 144. 1G2. 156. 167. 
Zu 28. 34. 34. 35. 24. 39. 
Cu 11. 12. 11. 11. 11. 11. 
Ni 3. 5. 5. 5. 7. 3. 
Pb 26. 27. 24. 23. 25. 25. 
u 2. 3. ' 3. 2. 2. 3. 
Th 18. 18. 20. 16. 15. 19. 
v 5. 2. 0. 5. 3. 5. 
Cr 6. 9. 7. 8. 17. 19. 
Nd 42. 34. 52. 52. 35. 33. 
La 34. 28. 4!J. 37. 24. 34. 
Ce 77. 59. 95. 90. 58. 68. 
Qz 40.0 39.0 38.!J 38.0 42.0 38.9 
Cor 0.4 0.6 0.3 0.6 0.5 1.1 
Or 28.9 28.7 28.3 29.7 30.3 29.2 
Ab 27.4 28.8 27.G 27.7 24.5 26.7 
An 1.9 1.6 3.0 2.0 1.5 2.2 
Hy 0.9 0.9 1.3 1.3 0.9 1.3 
Mgtte 0.3 0.3 0.4 0.5 0.3 0.5 
lim 0.1 0.1 0.2 0.2 0.1 0.2 
Aptte 0.0 0.0 0.0 0.0 0.0 0.0 
DI 96.3 96.5 94.8 95.4 96.7 94.8 
24 
95411ll 97431 98402ll 97421 98422 91395 
Si02 77.14 77.91 77.47 77.29 74.27 75.()8 
Ti02 0.09 0.09 0.07 0.07 0.10 0.13 
Al203 12.54 11.97 12.47 12.61 14.18 13.03 
Fe203 1.16 1.25 1.02 1.11 1.38 1.71 
MgO 0.04 0.05 0.04 0.04 0.05 O.OG 
CaO 0.36 0.53 0.33 0.39 0.48 0.61 
Na20 3.53 3.24 3.42 3.53 3.82 3.71 
K20 5.12 4.91 5.16 4.92 5.70 5.03 
Mn02 0.02 0.03 0.02 0.03 0.03 0.03 
P20s 0.01 0.02 O.Dl 0.01 0.01 0.01 
Ba 462. 937. 518. 478. 1195. 1069. 
Nh 33. 25. 31. 32. 27. 32. 
Zr 133. 117. 110. 122. 144. 167. 
y 47. 57. 68. 74. 47. 56. 
Sr 23. 49. 25. 2G. 50. 50. 
Rb 193. 148. 195. 189. 184. 161. 
Zn 38. 35. 33. 44. 35. 41. 
Cu 12. 11. 11. 11. 11. 10. 
Ni G. 4. 4. G. 5. 5. 
Pb 28. 24. 27. 27. 28. 25. 
u 3. 2. 2. 3. 2. 2. 
Th 23. 20. 211. 18. 19. 20. 
v 2. 3. 5. 2. 7. 5. 
Cr 7. 17. 11. 10. 10. 6. 
Nd 46. GO. 60. 45. 44. 52. 
La 28. 47. 34. 35. 29. 37. 
Ce 70. 103. 82. 72. G9. 67. 
Qz 35.7 38.G 36.7 3G.6. 28.6 32.8 
Cor 0.6 0.4 0.7 0.8 0.9 0.4 
Or 30.3 29.0 30.5 29.1 33.7 29.8 
Ab 29.9 27.4 29.0 29.9 32.4 31.4 
An 1.7 2.5 l.G 1.9 2.3 3.0 
Hy 1.2 1.3 1.1 1.2 1.4 1.7 
Mgtte 0.4 0.5 0.4 0.4 0.5 0.6 
lim 0.2 0.2 0.1 0.1 0.2 0.2 
Aptte 0.0 0.0 0.0 0.0 0.0 0.0 
DI 95.9 95.1 9G.1 95.6 94.7 94.0 
25 
97442 96443 94432C 96411 96421C 96421B 
Si02 77.74 77.41 78.73 76.75 76.38 77.06 
Ti02 0.05 0.07 0.07 0.07 0.08 0.09 
Ah03 12.70 12.39 11.79 13.01 13.24 12.63 
Fe203 0.71 0.89 0.88 1.00 1.12 1.34 
MgO 0.04 0.04 0.04 0.04 0.04 0.04 
CaO 0.28 0.27 0.36 0.33 0.29 0.35 
Na20 3.40 3.35 3.26 3.71 3.61 3.34 
1(20 5.05 5.55 4.85 :J.07 5.23 5.12 
Mn02 0.01 0.02 0.02 0.02 0.03 0.02 
P20r; 0.01 0.01 0.0 0.01 0.0 0.01 
Ba 530. 283. 326. 21. 68. 574. 
Nb 24. 29. 29. 30. 37. 31. 
Zr 82. 111. 104. 84. 93. 120. 
y 51. 63. 58. :J4. 36. 61. 
Sr 26. 16. 20. 8. 9. 28. 
Rb 179. 199. 167. 207. 219. 187. 
Zn 27. 29. 29. 34. 39. 35. 
Cu 11. 10. 11. 12. 11. 11. 
· Ni 6. 7. 5. 7. 4. 5. 
Pb 26. 26. 25. 30. 31. 26. 
u 2. 3. 4. 3. 3. 3. 
Th ·15. 21. 18. 22. 25. 21. 
v o. 3. 2. 2. 3. 5. 
Cr 6. 7. ::;, 9. 12. 7. 
Nd 43. 50. 43. 55. 26. 40. 
La 29. 33. 39. 37. 20. 38. 
Ce 3. 75,. 75. 79. 91. 73. 
Qz 37.7 35.7 40.0 34.6 34.2 36.7 
Cor 1.2 0.4 0.5 0.8 1.1 1.0 
Or 29.9 32.8 28.7 30.0 30.9 30.3 
Ab 28.8 28.4 .27.6 31.4 30.6 28.3 
An 1.3 1.3 1.8 1.6 1.4 1.7 
Hy 0.8 0.9 0.9 1.0 1.2 1.4 
Mgtte 0.3 0.3 0.3 0.4 0.4 0.5 
Ilm 0.1 0.1 0.1 0.1 0.2 0.2 
Aptte 0.0 0.0 0.0 0.0 0.0 0.0 
DI 96.4 96.9. 96.3 96.0 95.7 95.3 
26 
9!J441A 94432D 99421 99412 95382 99413 
Si02 75.44 76.88 77.93 77.28 77.64 77.65 
Ti02 0.14 0.07 ti.OG 0.09 0.05 0.09 
Ah03 12.91 12.73 12.33 12.57 12.50 12.27 
Fc203 1.86 0.!)4 0.83 1.14 0.89 1.21 
MgO 0.06 0.03 0.04 0.04 0.03 0.04 
CaO 0.73 0.25 0.29 0.37 0.25 0.37 
Na20 3.62 4.03 3.53 3.43 3.99 3.54 
K20 5.17 5.04 4.97 5.06 4.62 4.79 
Mn02 0.03 0.02 0.02 0.02 0.03 0.03 
P20s 0.03 0.0 0.0 0.0 0.01 0.01 
Ba 1215. 0. 485. 457. G. 411. 
Nb 30. 38. 2!). 30. 45. 32. 
Zr 191. 102. 77. 116. 123. 138. 
y 80. 52. 3!). 54. 83. 70. 
Sr 56. 4. 21. 23. 3. 23. 
Rb 1G2. 240. 206. 187. 239. 180. 
Zn 46. 38. 31. 113. 38. 46. 
Cu 11. 10. 11. 11. 11. 11. 
Ni 3. 4. 4. 5. 6. 5. 
Pb 26. 28. 28. 28. 30. 26. 
u 4. 2. 3. 3. 3. 3. 
Th 17. 21. Hl. 17. 23. 21. 
v 9. 3. 3. 3. o. 5. 
Cr 9. 7. 9. 7. 15. 7. 
Nd 58. 39. 25. 33. 28. 50. 
La 46. 37. 21. 27. 14. 36. 
Ce 97. 80. 63. 51. 32. 84. 
Qz 32.3 33.2 37.4 36.7 35.8 37.4 
Cor 0.1 0.2 O.G 0.8 0.5 0.6 
Or 30.6 29.8 29.4 2!).9 27.3 28.3 
Ab 30.7 34.1 29.9 29.0 33.8 30.0 
An 3.4 1.2 1.4 1.8 1.2 1.8 
Hy 1.9 1.0 0.9 1.2 1.0 1.2 
Mgtte 0.7 0.3 0.3 0.4 ·0.3 0.4 
Ilm 0.3 0.1 0.1 0.2 0.1 0.2 
Aptte 0.1 o.o 0.0 0.0 0.0 0.0 
PI 93.6 97.1 9G.G 95.6 96.9 95.7 
27 
00413A 97433 99435 97432 98402A 00412 
Si02 78.02 75.25 77.G5 77.01 77.G8 77.03 
Ti02 0.09 0.08 0.09 0.15 0.09 0.09 
AI203 12.0G 13.G8 12.45 12.29 12.2G 12.53 
Fe203 1.12 1.27 1.24 1.84 1.27 1.34 
MgO 0.04 0.04 0.05 (J.OG ().()4 0.04 
CaO 0.35 0.41 0.41 0.65 0.40 0.37 
Na20 3.23 4.09 3.38 3.19 3.50 3.41 
K20 5.05 5.15 4.70 4.76 4.73 ·5.15 
Mu02 0.03 0.03 0.02 0.03 0.03 0.02 
P20s 0.01 0.0 0.02 O.Dl 0.0 0.01 
Ba 487. 59 G. 437. 959. 308. 459. 
Nb 29. 36. 29. 33. 34. 32. 
Zr 123. 152. 127. 175. 144. 149. 
y 63. 59. lOG. 77. 93. 51. 
Sr 24. 27. 23. 44. 22. 24. 
Rb 173. 222. 173. 157. 180. 19G. 
Zn 37. 39. 57. 43. 38. 52. 
Cu 12. 11. 13. 11. 11. 11. 
Ni G. 4. G. 5. 5. G. 
Pb 25. 29. 33. 25. 2G. 27. 
u 2. 2. 1. 3. 2. 3. 
Th 17. 23. 20. 21. 20. 22. 
v 5. 2. 3. 5. 3. 0. 
Cr 7. G. 12. 12. 9. 7. 
Nd 55. 32. 74. 65. 75. 33. 
La 36. 30. 4G. 55. 48. 31. 
Ce 78. 61. 69. 107. 105. GG. 
Qz 38.7 30.3 38.G 38.1 37.8 3G.1 
Cor 0.7 O.G 1.1 0.7 0.7 0.7 
Or 29.9 30.5 27.8 28.2 28.0 30.5 
Ab 27.4 34.6 28.G 27.0 29.G 28.9 
An 1.7 2.0 1.9 3.2 2.0 1.8 
Hy 1.2 1.3 1.3 1.8 1.3 1.4 
Mgtte 0.4 0.5 0.5 0.7 0.5 0.5 
Ibn 0.2 0.2 0.2 0.3 0.2 0.2 
Aptte 0.0 0.0 0.0 0.0 0.0 0.0 
DI 95.9 95.4 95.0 93.3 95.4 95.5 
28 
98391 96381 95404 98423 00423 98451 
Si02 78.11 7G.35 77.02 77.51 78.82 77.49 
Ti02 0.08 0.12 0.07 0.11 0.08 0.07 
Al203 11.93 12.71 12.83 12.05 11.65 12.63 
Fe203 1.13 1.67 1.04 1.47 1.09 0.97 
MgO 0.04 0.06 0.04 0.05 0.04 0.04 
CaO 0.36 0.56 0.33 0.46 0.30 0.35 
Na20 3.38 3.29 3.80 3.38 3.21 3.60 
K20 4.92 5.19 4.83 4.92 4.79 . 4.82 
Mn02 0.03 0.03 ().()2 0.03 0.03 0.02 
P20s 0.01 0.02 0.01 0.02 0.0 0.01 
Ba 417. 1207. 17. G54. 384. 457. 
Nb 30. 27. 31. 27. 30. 30. 
Zr 112. 163. 107. 164. 107. 99. 
y 50. 60. GO. 81. 82: 50. 
Sr 22. 51. 8. 3G. 23. 24. 
Rb 179. 149. 220. 158. 168. 211. 
Zn 38. 42. 40. 44. 41. 37. 
Cu 11. 11. 10. 11. 11. 10. 
Ni 5. 5. 5. 6. 6. 6. 
Pb 2G. 24. 28. 24. 24. 27. 
u 3. 2. 3. 3. 2. 3. 
Th 22. 15. 25. 18. 17. 18. 
v 2. 5. 2. 7. 7. 7. 
Cr 10. 10. 10. 21. lG. 12. 
Nd Gl. 54. 5G. 51. 47. 30. 
La. 40. 46. 32. 31. 35. 26. 
Ce lOG. 86. 55. 65. 81. 58. 
Qz 38.4 35.4 35.:1 37.4 40.7 36.9 
Cor 0.4 0.7 0.8 0.4 0.6 0.9 
Or 29.1 30.7 28.G 29.1 28.3 28.5 
Ab 28.6 27.9 32.2 28.6 27.2 30.5 
An 1.7 2.7 1.6 2.2 1.5 1.7 
Hy 1.2 1.7 1.1 1.5 1.1 1.0 
Mgtte 0.4 O.G 0.4 0.5 0.4 0.4 
lim 0.2 0.2 0.1 0.2 0.2 0.1 
Aptte 0.0 0.0 0.0 0.0 0.0 0.0 
DI 96.1 94.0 9G.O !)5.2 96.2 95.9 
2!) 
99414 99422 97381A 97422C 99401 97441 
Si02 77.93 77.74 75.87 77.32 77.79 75.88 
Ti02 0.08 0.08 0.12 0.09 0.09 0.10 
AhOa 12.30 12.35 13.03 12.33 12.10 12.96 
Fe20a 1.06 1.09 1.70 1.19 1.20 1.63 
MgO 0.04 0.04 0.06 0.04 0.03 0.06 
CaO 0.31 0.38 0.50 0.44 0.34 0.44 
Na20 3.22 3.41 3.34 3.42 3.42 3.64 
K20 5.05 4.88 5.32 . 5.13 5.00 5.23 
Mn02 0.02 0.02 0.03 0.02 0.02 0.04 
P20s 0.0 0.0 0.03 0.01 0.01 0.02 
Ba 471. 405. 1162. 472. 317. 689. 
Nb 32. 28. 29. 24. 32. 34. 
Zr 109. 122. 189. 113. 142. 164. 
y 53. 57. GO. ::;::;, 86. 65. 
Sr 21. 21. 55. 26. 20. 43. 
Rb 187. 180. 158. 171. 197. 231. 
Zn 33. 35. 47. 33. 50. 44. 
Cu 11. 11. 10. 11. 13. 11. 
Ni ::;, G. 6. 3. 6. 6. 
Pb 26. 26. 24. 26. 28. 28. 
u 2. 2. I. 2. 3. 3. 
Th 18. 20. 19. 18. 22. 20. 
v 5. 5. 9. 0. 2. 3. 
Cr 15. 7. 8. 9. 11. 40. 
Nd 43. 43. 55. 28. 63. 40. 
La 26. 33. 39. 29. 46. 34. 
Ce 46. 64. 94. 84. 103. 78 .. 
Qz 38.7 37.9 34.3 36.4 37.5 33.0 
Cor 1.0 0.8 0.!) 0.4 0.5 0.6 
Or 29.9 28.9 31.5 30.3 29.6 30.9 
Ab 27.3 28.9 28.3 29.0 29.0 30.8 
An 1.5 1.9 2.3 2.1 1.6 2.1 
Hy 1.1 1.1 1.7 1.2 1.2 1.7 
Mgtte 0.4 0.4 O.G 0.4 0.4 0.6 
Ilm 0.2 0.2 0.2 0.2 0.2 0.2 
Aptte 0.0 0.0 0.1 0.0 0.0 0.0 
DI 95.9 95.7 94.1 95.7 96.1 94.8 
30 
93442 94443A 93443A 97434 95394 90391 
Si02 79.25 79.10 79.6!) 75.17 7!).28 76.42 
Ti02 0.07 0.09 0.07 0.14 0.06 0.15 
Al203 11.52 11.50 11.21 13.50 11.40 13.10 
Fe203 0.88 1.13 0.90 1.79 0.84 1.27 
MgO 0.04 0.05 0.04 O.OG 0.05 0.06 
CaO 0.28 0.32 0.27 0.49 0.26 0.4!) 
Na20 3.19 3.14 3.14 3.42 3.15 3.23 
K20 4.76 4.65 4.67 5.39 4.93 5.24 
Mn02 0.02 0.02 0.02 0.03 0.02 0.02 
P20s 0.01 0.01 0.0 0.02 0.01 0.02 
lla 229. 243. 146. 1098. 569. 719. 
Nb 28. 32. 30. 29. 22. . 38. 
Zr 98. 114. 101. 199. 102. 190. 
y 48. 89. 77. 88. 71. 118. 
Sr 17. 20. 18. 54. 34. 43. 
Rb 180. 165. 174. 173. 158. 177. 
Zn 32. 34. 33. 46. 36. 42. 
Cu 11. 10. 11. 12. 11. 11. 
Ni 6. 7~ G. G. 5. 7. 
Pb 24. 23. 25. 25. 28. 25. 
u 2. 0. 3. 3. 3. 3. 
Th 18. 22. 23. . 16. 11. 21. 
v 2. 3. 0. 5. 3. 3. 
Cr 10. 20. 17. 16. 21. 25. 
Nd 37. 75. 55. 90. 46. 137. 
La 30. 73. 44. 68. 38. 128. 
Ce 75. 108. 8!.1. 110. 55. 270. 
Qz 41.5 41.9 42.G 32.9 41.1 36.0 
Cor 0.6 0.7 0.5 1.2 0.4 1.3 
Or 28.1 27.5 27.6 31.9 29.2 31.0 
Ab 27.0 2G.G 2G.G 29.0 26.7 27.4 
An 1.3 1.5 1.3 2.3 1.2 2.3 
Hy 0.9 1.2 0.9 1.8 0.9 1.2 
Mgtte 0.3 0.4 0.3 0.7 0.3 0.5 
Ilm 0.1 0.2 0.1 0.3 0.1 0.3 
Aptte 0.0 0.0 0.0 0.0 0.0 o.o 
DI 96.6 96.0 96.8 93.7 97.0 94.4 
31 
95392 88411 9G453A 91393 C7 C123 
Si02 76.85 76.98 77.99 75.29 78.48 78.32 
Ti02 0.06 0.12 11.11 0.14 0.10 0.08 
AhOJ 13.07 12.50 11.88 13.GO 11.97 12.22 
Fe203 0.91 1.54 1.50 l.G2 1.25 1.08 
MgO 0.03 0.05 0.05 ().06 0.03 0.03 
CaO 0.28 0.41 0.4G 0.61 0.17 0.20 
Na20 3.96 3.21 3.36 3.76 3.10 2.99 
K20 4.81 5.15 4.61 4.86 4.85 5.05 
Mn02 0.02 0.02 0.03 0.04 0.04 0.03 
P205 0.0 0.03 ().()1 0.02 0.01 O.Ql 
Ba 0. 1010. 744. 1077. 343. 628. 
Nb 38. 30. 27. 29. 31. 26. 
Zr 105. 177. 143. 1 !)!), 128. 103. 
y 42. 97. 73. !JO. G3. 49. 
Sr 4. 47. 38. 5!). 24. 33. 
Rb 240. 184. 152. 177. 17G. 168. 
Zn 40. 44. 41. 134. 39. 31. 
Cu 12. 12. 11. 1G. 14. 11. 
Ni 5. 4. 3. 7. 3. 4. 
Pb 30. 26. 24. 53. 31. 26. 
u 3. 3. 2. 1. 2. 2. 
Th 25. 18. 17. Hi. 20. 14. 
v 0. 3. 7. 9. 2. 2. 
Cr 17. 17. 12. 17. 11. 6. 
Nd 33. 66. 67. 74. 64. 32. 
La 13. 53. 57. G8. 42. 37. 
Ce 74. 105. 114. 117. 91. 67. 
Qz 34.4 37.1 3!).2 32.8 41.0 40.7 
Cor 0.8 1.0 O.G 1.1 1.3 1.5 
Or 28.4 30.5 27.3 28.8 28.7 29.9 
Ab 33.5 27.2 28.5 31.!) 26.3 25.3 
An 1.4 1.8 2.2 2.9 0.8 0.9 
Hy 0.9 1.5 Ui 1.6 1.3 1.1 
Mgtte 0.3 O.G II.G 0.6 0.5 0.4 
Ilm 0.1 0.2 0.2 0.3 0.2 0.2 
Aptte 0.0 0.1 ().() 0.0 0.0 0.0 
DI 96.4 94.8 94.!) !)3.4 95.9 95.9 
32 
C139 C155 963!)1 9G413 95412 96452A 
Si02 77.20 78.54 77.55 7G.50 7G.35 76.84 
Ti02 0.10 0.06 0.08 0.13 0.12 0.07 
Al203 12.52 12.10 12.30 12.90 12.87 13.04 
Fe203 1.19 1.06 l.lu 1.25 1.66 0.90 
MgO 0.0 0.03 0.05 0.06 0.05 0.06 
CaO 0.43 0.18 0.52 O.G4 0.53 0.34 
Na20 3.24 3.10 3.33 3.52 3.41 3.15 
K20 5.25 4.90 4.98 4.95 4.98 5.59 
Mn02 0.02 0.02 0.03 0.02 0.03 0.02 
P20s 0.03 0.01 0.01 0.03 0.02 0.0 
Ba 1097. 45. 808. 1123. 21. 54. 
Nb 27. 31. 26. 30. 30. 28. 
Zr 140. 95. lOG. 181. 80. 86. 
y 66. 51. 62. 103. 28. 106. 
Sr 49. 12. 37. 53. 8. 11. 
Rb 1G3. 191. 160. 159. 232. 1!)6. 
Zu 31. 30. 36. 50. 33. 27. 
Cu '11. 11. 12. 12. 12. 11. 
Ni G. 5. 4. 5. 5. 7. 
Pb 26. 27. 25. 25. 29. 28. 
u 4. 2. 2. 2. 3. 3. 
Th 18. 21. 19. 18. 20. 24. 
v 3. 0. 3. 7. 2. 3. 
Cr 9. 12. 12. 8. 6. 7. 
Nd 53. 36. 50. 99. 22. 53. 
La 43. 30. 33. 83. 3. 0 34. 
Ce 93. 55. 70. 173. 24. 55. 
Qz 37.0 40.9 37.5 35.2 35.6 35.9 
Cor 0.8 1.4 0.5 0.7 1.0 1.2 
Or 31.1 29.0 29.5 29.3 29.5 33.1 
Ab 27.4 26.3 28.2 29.8 28.9 26.7 
An 1.9 0.8 2.& 3.0 2.5 1.7 
Hy 1.1 1.1 1.2 1.2 1.7 1.0 
Mgtte 0.4 0.4 0.4 0.5 0.6 0.3 
lim 0.2 0.1 0.2 0.2 0.2 0.1 
Aptte 0.1 0.0 0.0 0.1 0.0 0.0 
DI 95.5 96.2 95.1 . 04.3 . 94.0 95.7 
33 
00422 96423 9rJ412C 96413 95412 96452A 
Si02 77.86 76.90 77.88 76.50 76.35 76.84 
Ti02 0.09 0.11 0.08 0.13 0.12 0.07 
Al203 12.26 12.53 12.25 12.90 12.87 13.04 
Fe203 1.21 1.42 1.16 1.25 1.66 0.90 
MgO 0.04 0.06 0.06 0.06 0.05 0.06 
CaO 0.37 0.55 0.75 0.64 0.53 0.34 
Na20 3.21 3.28 3.01 3.rJ2 3.41 3.15 
K20 4.92 {}.13 4.79 4.9{) 4.98 5.59 
Mn02 0.02 0.02 0.02 0.02 0.03 0.02 
P20s 0.01 0.01 0.01 0.03 0.02 0.0 
Ba 400. 813. 720. 1123. 21. 54. 
Nb 33. 26. 23. 30. 30. 28. 
Zr 131. 150. 136. 181. 80. 86. 
y 73. 46. G2. 103. 28. 106. 
Sr 22. 58. 42. 53. 8. 11. 
Rb 187. 162. 152. 159. 232. 196. 
Zn 38. 33. 31. 50. 33. 27. 
Cu 12. 11. 11. 12. 12. 11. 
Ni 5. 4. 4. 5. 5. 7. 
Pb 28. 25. 24. 25. 29. 28. 
u 4. 3. 3. 2. 3. 3. 
Th 18. 16. 15. 18. 20. 24. 
v 5. 9. 3. 7. 2. 3. 
Cr 15. 12. 17. 8. 6. 7. 
Nd 57. 46. 48. 99. 22. 53. 
La 53. 33. 39. 83. 3. 34. 
Ce 111. 67. 61. 173. 24. 55. 
Qz 39.1 36.4 39.9 35.2 35.6 35.9 
Cor 1.0 0.6 0.8 0.7 1.0 1.2 
Or 29.1 30.3 28.3 29.3 29.5 33.1 
Ab 27.2 27.8 25.5 29.8 28.9 26.7 
An 1.8 2.7 3.7 3.0 2.5 1.7 
Hy 1.2 1.5 1.2 1.2 1.7 1.0 
Mgtte 0.4 0.5 0.4 0.5 0.6 0.3 
lim 0.2 0.2 0.2 0.2 0.2 0.1 
Aptte 0.0 0.0 0.0 0.1 0.0 0.0 
DI 95.4 94.5 93.7 94.3 94.0 95.7 
34 
ANALYSES OF NORTHERN ARRAN FINE GRANITE 
94461 95452 91441 92461 91452 91462A 
Si02 77.69 77.02 76.99 77.19 75.91 77.00 
Ti02 0.07 0.07 0.!16 0.07 0.07 0.07 
Al203 12.64 12.80 12.99 12.87 13.58 13.03 
Fe203 1.01 1.12 1.113 1.06 1.03 1.07 
MgO 0.02 0.02 0.03 0.03 0.02 0.03 
CaO 0.03 0.12 0.27 0.31 0.44 0.17 
Na20 3.76 3.80 3.59 3.25 3.53 3.52 
K20 4.74 5.01 5.00 5.17 5.39 5.08 
Mn02 0.02 0.03 0.03 0.03 0.03 0.03 
P205 0.02 0.01 0.01 0.01 0.01 0.01 
Ba. 90. 24. 10. 2. 0. 19. 
Nb 35. 43. 44. 38. 43. 43. 
Zr 120. 130. 132. 131. 139. 143. 
y 54. 37. 138. 98. 104. 105. 
Sr 6. 5. 5. 9. 7. 6. 
Rb 211. 228. 243. 232. 237. 222. 
Zn 33. 36. 44. 57. 37. 34. 
Cu 13. 13. 12. 15. 13. 13. 
Ni 1. 6. 4. 5. 5. 5. 
Pb 29. 32. 32. 33. 32. 29. 
u 2. 3. 2. 1. 2. 1. 
Th 20. 23. 25. 22. 28. 26. 
v 5. 6. 3. 3. 3. 5. 
Cr 15. 16. 11. 12. 22. 31. 
Nd 37. 19. 50. 49. 48. 51. 
La 24. 13. 40. 41. 29. 44. 
Ce 63. 43. 71. 82. 79. 86. 
Qz 37.3 35.1 36.0 37.4 33.4 36.3 
Cor 1.3 0.9 1.2 1.4 1.2 1.5 
Or 28.0 29.6 29.6 30.6 31.9 30.0 
Ab 31.8 32.2 30.4 27.5 29.9 29.8 
An 0.0 0.5 1.3 1.5 2.1 0.8 
Hy 0.9 1.0 1.0 1.0 0.9 1.0 
Mgtte 0.4 0.5 0.4 0.5 0.4 0.5 
lim 0.1 0.1 11.1 11.1 0.1 0.1 
Aptte 0.0 0.11 11.0 0.0 0.0 0.0 
DI 97.2 96.9 9G.O 05.5 95.2 96.2 
35 
94452 91462 92451 90453 92452 90442A 
Si02 77.44 77.00 76.91 77.04 77.45 75.97 
Ti02 0.08 0.07 0.06 0.08 0.08 0.09 
Al203 12.65 12.75 13.03 13.06 12.47 13.39 
Fe203 1.14 1.13 0.!)8 1.20 1.13 1.18 
MgO 0.03 0.03 0.03 0.03 0.03 0.03 
CaO 0.20 0.33 0.10 0.14 0.14 0.20 
Na20 3.50 3.61 3.!)5 3.44 3.47 3.84 
K20 4.92 5.04 4.!)1 4.!)5 5.18 5.26 
Mn02 0.03 0.03 . 0.03 0.03 0.03 0.03 
P20s 0.01 0.01 ll.lll 0.02. 0.02 0.01 
Ba 20. 24. 0. GO. 53. 28. 
Nb 36. 41. 43. 40. 37. 42. 
Zr 139. 141. 140. 152. 133. 118. 
y 102. 64. 74. 69. 47. 70. 
Sr 7. 6. 4. 8. 6. 6. 
Rb 193. 230. 24!). 216. 230. 219. 
Zn 54. 40. 43. 43. 41. 45. 
Cu 17. 13. 13. 13. 12. 13. 
Ni 6. 7. 2. 7. 1. 2. 
Ph 33. 32. 30. 29. 32. 31. 
u 2. 1. 2. 2. 2. 2. 
Th 23. 23. 28. 29. 23. 25. 
v 5. 5. 3. 6. 6. 3. 
Cr 18. 15. 14. 12. 15. 7. 
Nd 67. 37. 50. 37. 19. 52. 
La 64. 25. 31. 21. 20. 37. 
Ce 127. 70. 76. 70. 60. 74. 
Qz 37.4 35.6 34.5 37.4 36.7 32.6 
Cor 1.2 0.8 1.1 1.8 0.9 1.0 
Or 29.1 29.8 20.0 29.3 30.6 31.1 
Ab 29.6 30.6 33.4 29.1 29.4 32.5 
An 0.9 1.6 0.4 0.6 0.6 0.9 
Hy 1.0 1.1 0.0 1.1 1.0 1.1 
Mgttc 0.5 0.5 0.4 0.5 0.5 0.5 
Ilm 0.2 0.1 0.1 0.2 0.2 0.2 
Aptte 0.0 0.0 ().() 0.0 0.0 0.0 
DI 96.1 96.0 97.0 05.8 96.8 96.3 
36 
95461 95451 96441 91451 96442 92462 
Si02 77.07 77.54 76.54 77.24 75.62 76.88 
Ti02 0.08 0.07 0.08 0.10 -0.07 0.07 
Al203 12.57 12.43 13.05 12.57 14.01 13.00 
Fe203 1.11 1.04 1.20 1.23 1.07 1.04 
MgO 0.03 0.03 0.03 ().(Jl 0.02 0.06 
CaO 0.28 0.23 0.1!) 0.23 0.04 0.20 
Na20 3.85 3.70 3.62. 3.80 4.04 3.48 
· K20 4.98 4.92 5.25 4.78 5.09 5.24 
Mn02 0.02 0.03 0.03 0.03 0.03 0.03 
P20s 0.01 0.02 0.02 0.02 0.01 0.01 
Ba 45. 26. 68. 30. 15. 56. 
Nb 37. 36. 3!). 31. 40. 41. 
Zr 139. 136. 140. lOG. 134. 107. 
y 88. 100. 47. 86. 60. 4. 
Sr G. 8. 7. 6. 5. 7. 
Rb 212. 198. 214. 196. 242. 222. 
Zn 23. 35. 49. 41. 35. 30. 
Cu 13. 15. 14. 13. 13. 13. 
Ni 3. 4. 4. 5. 2. 5. 
Pb 31. 29. 33. 29. 29. 31. 
u 3. 2. 1. 2. 2. 2. 
Th 26. 24. 24. 23. 27. 22. 
v 5. G. 5. 3. 3. 6. 
Cr 9. 7. 13. 9. 7. 27. 
Nd 44. 44. 29. 55. 24. 35. 
La 33. 35. 21. 48. 21. 30. 
Ce 65. 72. 56. 94. 55. 69. 
Qz 34.6 36.3 34.6 36.0 32.2 35.7 
Cor 0.4 O.G 1.1 0.8 1.8 1.3 
Or 29.5 29.1 31.0 28.3 30.1 31.0 
Ab 32.6 31.3 30.7 32.2 34.2 29.5 
An 1.3 1.0 . 0.8 1.0 0.1 0.9 
Hy 1.0 1.0 1.1 1.0 1.0 1.0 
Mgtte 0.5 0.4 0.5 0.5 0.5 0.4 
lim 0.2 0.1 0.2 0.2 0.1 0.1 
Aptte 0.0 0.0 0.0 0.0 0.0 0.0 
DI 96.7 96.7 96.3 96.4 96.5 96.2 
37 
92442 90444 C1 CG C8 C29 
Si02 76.88 76.81 77.66 77.34 77.67 77.67 
Ti02 0.07 0.07 11.06 11.116 11.06 0.07 
Al203 13.00 13.08 12.G2 12.93 12.66 12.GG 
Fe203 1.04 1.08 0.()7 1.05 1.03 1.05 
MgO 0.06 0.02 0.02 0.02 0.03 0.02 
CaO 0.20 0.16 0.15 11.08 0.11 0.13 
NazO 3.48 3.75 3.72 3.64 3.53 3.54 
K20 5.24 4.99 4.76 4.84 4.87 4.93 
MnOz 0.03 0.03 0.02 0.02 0.03 0.03 
PzOs 0.01 0.01 O.Dl 0.02 0,01 0.02 
Ba 45. 23. 0. 0. 26. 71. 
Nb 42. 42. 35. 42. 46. 37. 
Zr 144. 133. 120. 131. 135. 131. 
y 59. 74. 57. 52. 47. 74. 
Sr 5. 7. 5. 4. 5. 8. 
Rb 233. 226. 22:J. 227. 226. 224. 
Zn 46. 44. 46. 39. 47. 43. 
Cu 13. 13. 11. 11. 11. 11. 
Ni 4. 1. 6. 6. 7. 6. 
Pb 34. 33. 28. 27. 29. 28. 
u 2. 2. 3. 4. 3. 4. 
Th 27. 26. 21. 24. 25. 22. 
v 5. 3. 2. 0. 0. 2. 
Cr 8. 9. 7. 7. 5. 7. 
Nd 48. 50. 48. 41. 34. 69. 
La 33. 38. 39. 21. 26. 47. 
Ce 71. 62. 90. 62. 93. 96. 
Qz 35.7 35.2 37.1 37.1 37.9 37.6 
Cor 1.3 1.2 1.1 1.6 1.4 1.2 
Or 31.0 29.5 28.2 2R.6 28.8 29.2 
Ab 29.5 31.8 31.5 311.8 29.9 30.0 
An 0.9 0.7 0.7 0.3 0.5 0.5 
Hy 1.0 1.0 0.9 1.0 1.0 1.0 
Mgtte 0.4 0.5 0.4 0.5 0.4 0.5 
lim 0.1 0.1 0.1 11.1 0.1 0.1 
Aptte 0.0 0.0 0.0 11.1) 0.0 0.0 
DI 96.2 96.4 !)(),8 96.6 96.6 96.7 
38 
C30 C31 C32 C34 C35 C36 
Si02 77.72 74.70 77.50 77.44 77.76 77.44 
Ti02 0.07 0.32 0.06 0.07 0.07 0.05 
Al20a 12.58 12.28 12.67 12.56 12.35 12.70 
Fe20a 1.00 3.G1 1.03 1.04 1.11 0.98 
MgO 0.02 0.13 0.02 0.02 0.02 0.0 
CaO 0.20 1.2G 0.18 0.35 0.18 0.09 . 
Na20 3.46 3.88 3.GG 3.::.7 3.r..G 3.94 
K20 4.91 3.G9 4.94 4.91 4.91 4.77 
Mn02 0.02 0.07 0.03 0.03 0.03 0.03 
P20s 0.02 0.07 0.01 0.02 0.02 0.01 
Ba 23. 265. 8. ()2. 37. 0. 
Nb 38. 48. 39. 3G. 32. 45. 
Zr 126. 406. 105. 122. 129. 149. 
y 25. 139. G3. 105. 44. 49. 
Sr 6. 41. G. 7. 7. 3. 
Rb 225. 149. 221. 208. 220. 264. 
Zu 3G. 102. 3G. 36. 33. 39. 
Cu 10. 11. 11. 11. 11. 11. 
Ni 6. 8. 4. 5. 4. G. 
Pb 28. 25. 28. 27. 27. 30. 
u 3. 2. 3. 3. 3. 3. 
Th 22. 25. 22. 22. 21. 24. 
v 0. 14. 2. 2. 3. 2. 
Cr G. 9. G. 8. 6. 7. 
Nd 23. 118. 50. ()2. 53. 37. 
La . 14. 89. 40. 46. 47 . 23. 
Ce 40. 207. 70. 91. 117. 47. 
Qz 38.0 34.2 37.1 30.8 37.5 35.7 
Cor 1.3 0.0 1.2 0.8 0.9 0.9 
Or 29.0 21.9 29.2 29.0 29.0 28.2 
Ab 29.3 32.9 30.1 30.2 30.1 33.4 
An 0.9 5.2 0.8 1.6 0.8 0.4 
Hy 0.9 3.0 1.0 0.9 1.0 0.9 
Mgtte 0.4 1.6 0.4 0.4 0.5 0.4 
Ilm 0.1 0.6 0.1 0.1 0.1 0.1 
Aptte 0.0 0.2 0.0 0.0 0.0 0.0 
DI 96.4 89.0 96.5 96.0 96.7 97.3 
39 
C37 C44 C48 C82 C96 C102 
Si02 76.96 76.98 77.17 77.54 76.56 77.57 
Ti02 0.04 0.07 0.11 0.08 0.07 0.06 
Al203 12.93 13.05 12.49 12.54 13.23 12.68 
Fe203 1.03 1.07 1.34 1.15 1.11 1.02 
MgO 0.0 0.02 0.03 0.03 0.02 0.02 
CaO 0.02 ll.11 0.43 0.04 0.13 0.13 
Na20 4.50 3.70 3.34 3.74 3.90 3.60 
K20 4.48 4.96 5.02 4.84 4.94 4.89 
Mn02 0.02 0.03 0.03 0.03 0.03 0.02 
P20s 0.01 0.01 0.03 ().(Jl 0.(11 0.01 
Ba 0. 26. 757. 48. 43. 13. 
Nb 48. 41. 25. 34. 37. 39. 
Zr 153. 115. 151. 13(}. 125. 123. 
y 66. 30. 57. 56. 47. 72. 
Sr 5. 5. :18. 7. 6. 7. 
Rb 297. 248. 147. 21]. 223. 219. 
Zn 31. 42. 39. 44. 37. 35. 
Cu 11. 10. 11. 12. 11. 10. 
Ni 5. 5. 4. 4. G. 6. 
Pb . 29. 30. 25. 28. 29. 28. 
u 3. 2. 2. 4. 3. 3. 
Th 28. 22. 21. 23. 23. 22. 
v 2. 0. 3. 3. o. 3. 
Cr G. 6. G. G. 6. 6. 
Nd 26. 42. 46. 4!). 25. 38. 
La 19. 32. 36. 37. 19. 20. 
Ce 36. 57. 74. 87. 40. 54. 
Qz 33.2 35.8 37.2 36.7 34.3 37.3 
Cor 0.7 1.4 0.9 1.1 1.3 1.3 
Or· 26.5 29.3 29.7 28.6 29.2 28.9 
Ab 38.1 31.3 28.3 31.7 33.0 30.5 
An 0.0 0.5 1.9 0.1 0.6 0.6 
Hy 0.9 1.0 1.2 1.1 1.0 0.9 
Mgtte 0.4 0.5 0.6 0.5 0.5 0.4 
Ilm 0.1 0.1 0.2 0.2 0.1 0.1 
Aptte 0.0 0.0 0.1 0.0 0.0 0.0 
DI 97.8 96.5 9&.2 97.0 96.5 96.7 
40 
j 
C1d3 C109 C116 CHiO 92461 90432 
Si02 77.93 79.24 77.26 78.08 77.24 76.08 
TiOz 0.11 0.08 0.07 0.09 0.07 0.08 
A}z03 12.11 11.52 12.78 12.07 12.81 13.50 
Fez03 1.48 1.08 1.111 1.26 1.00 1.01 
MgO 0.03 0.04 0.01 0.04 0.05 0.03 
CaO 0.38 0.17 0.14 o.3u 0.39 0.29 
NazO 2.97 3.10 3.57 3.23 3.27 3.72 
K20 4.93 4.73 5.03 4.84 5.15 5.26 
MnOz 0.03 0.03 0.02 0.03 0.03 0.02 
PzOs 0.03 0.02 0.02 0.03 0.01 0.01 
Ba 797. 356. 45. 843. 0. 52. 
Nb 24. 27. 31. 31. 34. 36. 
Zr 131. 114. 131. 133. 117. 126. 
y 66. 58. 36. 61. 99. 49. 
Sr 40. 23. 7. 40. 10. 7. 
Rb lGO. 169. 223. 174. 231. 225. 
Zn 49. 34. 36. 37. 57. 40. 
Cu 11. 11. 11. 11. 12. 12. 
Ni 4. 4. 5. 6. 5. 3. 
Pb . 25. 24. 28. 27. 29. 27. 
u 4. 2 .. 3. 2. 2. 3. 
Th 17. 21. 20. 21. 18. 22. 
v 5. 2. 3. 3. 5. 3. 
Cr 7. 9. 8. 7. 9. 6. 
Nd 54. 59. 28. 45. 51. 33. 
La 46. 38. 14. 36. 43. 21. 
Ce 88. 80. 48. 67. 88. 61. 
Qz 40.5 42.3 36.6 3!).6 37.3 33.3 
Cor 1.3 1.0 1.3 1.0. 1.2 1.2 
Or 29.2 . 28.0 29.7 28.6 30.5 31.1 
Ab 25.2 26.2 30.2 27.4 27.7 31.5 
An 1.7 0.7 O.G 1.5 1.9 1.4 
Hy 1.3 1.0 1.0 1.2 1.0 0.9 
Mgtte 0.6 0.5 0.5 lUi 0.4 0.4 
lim 0.2 0.2 0.1 0.2 0.1 0.2 
Aptte 0.1 0.0 0.0 0.1 0.0 0.0 
DI 94.8 96.6 96.6 95.6 95.4 95.9 
41 
91461 94451 911421 93441 93463 90403 
Si02 77.04 77.25 76.20 76.39 78.82 76.24 
Ti02 0.08 0.06 0.117 11.07 0.07 0.09 
Al20a 12.80 12.83 13.36 13.32 11.74 13.18 
Fe20a 1.12 1.01 1.115 0.95 0.91 1.17 
MgO . 0.04 0.04 0.114 0.04 0.04 0.05 
CaO 0.27 0.27 0.31 0.28 0.38 0.54 
Na20 3.61 3.64 3.88 3.95 3.18 3.50 
K20 5.01 4.87 5.07 4.96 4.83 5.19 
Mn02 0.03 0.02 0.03 0.03 0.02 0.03 
P205 0.01 0.0 0.0 0.0 0.0 0.01 
Ba 0. 0. 97. 8. 260. 51. 
Nb 39. 36. 36. 38. 30. 40. 
Zr 130. 125. 126. ·113. 109. 129. 
y 69. 31. 34. 77. 71. 152. 
Sr 6. 3. 9. 5. 19. 10. 
Rb 221. 221. 234. 233. 178. 223. 
Zn 62. 40. 43. 42. 33. 37. 
Cu 11. 12. 11. 11. 11. 11. 
Ni 4. 5. 5. 6. 6. 6. 
Pb 28. 29. 31. 28. 26. 29. 
u 3. 3. 3. 2. 2. 3. 
Th 23. 24. 27. 23. 21. 26. 
v 2. 3. 2. 2. 0. 3. 
Cr 12. 7. 8. 6. 10. 7. 
Nd 78. 18. 14. 60. 43. 81. 
La 49. 16. 15. 49. 41. 61. 
Ce 96. 48. 40. 78. 86. 119. 
Qz 35.8 36.4 33.1 33.4 40.6 34.4 
Cor 1.0 1.1 0.9 0.9 0.6 0.8 
Or 29.6 28.8 30.0 29.3 28.6 30.7 
Ab 30.6 30.8 32.9 33.5 26.9 29.6 
An 1.3 1.3 1.5 1.4 1.9 2.6 
Hy 1.0 1.0 1.0 0.9 0.9 1.1 
Mgtte 0.5 0.4 0.5 0.4 0.4 0.5 
Ilm 0.2 0.1 11.1 0.1 0.1 0.2 
Aptte 0.0 0.0 0.0 0.0 0.0 0.0 
DI 96.0 96.1 95.9 96.2 96.1 94.7 
42 
93433 91401 911413 91401A 92461B 92421 
Si02 76.16 76.61 76.42 77.39 79.19 77.13 
Ti02 0.08 ().07 O.OR 0.07 0.07 0.07 
Al203 13.28 13.15 13.06 12.56 11.53 12.93 
Fc203 1.09 1.01 Ul3 1.03 0.86 0.92 
MgO 0.06 0.04 0.04 0.04 0.04 0.06 
CaO 0.45 0.29 0.33 0.29 0.25 0.39 
Na20 3.71 3.77 3.85 3.70 3.32 3.39 
K20 5.15 5.03 5.15 4.89 4.72 5.09 
Mn02 0.02 0.03 0.03 0.02 0.02 0.02 
P20s 0.0 0.0 0.0 0.01 0.0 0.0 
Ba 23. 65. 90. 76. 340. 10. 
Nb 46. 38. 36. 37. 32. 41. 
Zr 149. 126. 117. 115. 120. 108. 
y 109. 39. 45. 39. 49. 176. 
Sr 6. 8. 8. 7. 19. 7. 
R.b 218. 225. 225. 21G. 183. 219. 
Zn 44. 65. 44. 42. 29. 33. 
Cu 11. 11. 11. 11. 11. 11. 
Ni 5. 5. 4. 4. G. 8. 
Pb 29. 29. 29. 28. 2G. 28. 
u 4. 3. 3. 3. 3. 3. 
Th 25. 22. 24. 21. 20. 25. 
v 3. 2. 5. 3. 3. 3. 
Cr 5. G. 7. 14. 10. 5. 
Nd 54. 2G. 3G. 31. 42. 104. 
La 49. 21. 31. 19. 34. 80. 
Cc 80. 30. 78. 44. 87. 178. 
Qz 33.4 34.4 33.2 36.1 40.9 36.7 
Cor 0.8 1.0 0.6 0.7 0.5 1.1 
Or 30.5 29.7 30.5 28.9 27.9 30.1 
Ab 31.4 31.9 32.G 31.3 28.1 28.7 
An 2.2 1.4 1.6 1.4 1.2 1.9 
Hy 1.1 1.0 1.0 1.0 0.8 0.9 
Mgtte 0.5 0.4 0.4 0.4 0.4 0.4 
Ilm 0.2 0.1 0.2 0.1 0.1 0.1 
Aptte 0.0 0.0 0.0 0.0 0.0 0.0 
DI 95.3 96.0 9G.2 96.4 96.9 95.5 
43 
91392 923!)1 95421 93451D 96431 95432 
Si02 77.69 77.22 81.12 78.19 75.99 77.11 
Ti02 0.07 O.OG !I.OG 0.07 0.07 0.07 
Al203 12.37 12.77 13.02 12.16 13.54 12.89 
Fe203 1.06 0.97 0.83 0.88 1.00 0.98 
MgO 0.04 0.04 0.03 O.OG 0.04 0.04 
CaO 0.27 0.32 0.27 0.32 0.30 0.30 
Na20 3.68 3.3:-i 3.97 3.35 3.84 3.57 
K20 4.80 5.24 0.68 4.96 5.19 5.00 
MnOz 0.02 0.02 0.02 0.02 0.02 0.02 
P20s 0.0 0.0 0.01 0.01 0.0 0.01 
Ba 8. 92. 0. 208. 101. 27. 
Nb 43. 35. 40. 30. 39. 39. 
Zr 126. 116. 114. 94. 131. 132. 
y 61. 73. 52. 40. GO. 35. 
Sr 9. 12. 4. 13. 9. 6. 
Rb 234. 234. 206. 190. 225. 226. 
Zn 50. 51. 46. 28. 45. 41. 
Cu 12. 11. 10. 11. 11. 12. 
Ni G. 6. 5. G. 5. 5. 
Pb 29. 29. 28. 26. 30. 28. 
u 3. 4. 3. 3. 3. 4. 
Th 26. 21. 23. 15. 25. 22. 
v 2. 2. 3. 2. 2. 5. 
Cr 13. 10. 8. 12. 7. G. 
Nd 36. 48. 38. 4:-i. 50. 41. 
La 2G. 30. 28. 2G. 38. 29. 
Ce 54. 75. 92. 59. 92. 58. 
Qz 3G.9 36.G 54.5 38.7 32.7 3G.2 
Cor O.G 1.0 5.3 0.7 1.1 1.1 
Or 28.4 31.0 4.0 29.3 30.7 29.6 
Ab 31.2 28.4 33.6 28.4 32.5 30.2 
An 1.3 l.G 1.3 1.5 1.5 1.4 
Hy 1.0 0.9 0.8 0.9 0.9 0.9 . 
Mgtte 0.5 0.4 0.4 0.4 0.4 0.4 
lim 0.1 0.1 0.1 0.1 0.1 0.1 
Aptte 0.0 0.0 0.0 0.0 .0.0 0.0 
DI 9G.4 95.9 92.2 9G.3 95.9 96.0 
44 
94441 95441 90441 91421 91411 95433 
Si02 77.21 77.68 77.18 77.54 77.30 77.56 
Ti02 0.07 0.06 0.06 0.08 0.07 . 0.06 
AI203 12.61 12.43 12.68 12.47 12.55 12.65 
Fc203 1.05 0.98 0.97 1.07 1.07 0.93 
MgO 0.05 0.04 0.04 0.04 0.04 0.04 
CaO 0.30 0.27 0.38 0.28 0.38 0.30 
Na20 3.68 3.77 3.90 3.55 3.77 3.65 
K20 5.01 4.74 4.77 4.95 4.80 4.78 
Mn02 0.02 0.02 0.03 0.02 0.02 0.02 
P20s 0.0 0.0 0.0 ().() 0.0 0.0 
Ba 42. 24. 8. 0. 59. 0. 
Nb 35. 38. 40. 38. 42. 40. 
Zr 126. 126. 107. 136. 146. 90. 
y 96. 43. 127. 114. 128. 78. 
Sr 7. 6. 7. 8. 6. 4. 
Rb 225. 219. 225. 225. 213. 228. 
Zn 44. 33. 36. 38. 40. 37. 
Cu 11. 11. 11. 12. 11. 11. 
Ni 7. 5. 7. 7. 7. 5. 
Pb 30. 27. 28. 26. 28. 30. 
u 3. 2. 3. 2. 3. 3. 
Th 19. 24. 24. 24. 22. 24. 
v 3. 2. 0. 3. 2. o. 
Cr 8. 7. 15. 11. 21. 12. 
Nd 70. 25. 73. 83. 86. 51. 
La 54. 16. 58. 59. 67. 34. 
Ce 111. 54. 98. 95. 149. 71. 
Qz 35.5 36.6 35.0 36.9 35.7 37.0 
Cor 0.6 0.6 0.4 0.8 0.5 0.9 
Or 29.6 28.0 28.2 29.3 28.4 28.3 
Ab 31.2 31.9 33.0 30.1 31.9 30.9 
An 1.5 1.3 1.9 1.4 1.9 1.5 
Hy 1.0 0.9 0.9 1.0 1.0 0.9 
Mgtte 0.5 0.4 0.4 0.5 0.5 0.4 
Ilm 0.1 0.1 0.1 0.2 0.1 0.1 
Aptte 0.0 0.0 0.0 0.0 0.0 o.o 
DI 96.3 96.6 96.2 96.2 96.1 96.2 
45 
90411 91394 934:::i1A 93463A 9:::i424 C47 
Si02 77.23 77.55 77.74 78.24 76.53 77.70 
Ti02 0.08 0.07 0.07 0.07 0.05 0.06 
Al203 12.66 12.40 12.49 12.11 13.34 12.67 
Fe203 1.07 0.98 0.99 1.01 0.81 1.01 
MgO 0.04 0.04 0.06 O.O:::i 0.03 0.02 
CaO 0.31 0.36 0.42 0.46 0.33 0.14 
Na20 3.69 3.60 3.34 3.28 4.11 3.51 
I\20 4.90 4.97 4.88 4.77 4.77 4.84 
Mn02 0.02 0.02 0.02 0.02 0.02 0.03 
P20s 0.0 0.01 0.01 0.0 0.0 0.01 
Ba 92. 110. 0. 71. 11. 38. 
Nb 33. 35. 35. 36. 48. 37. 
Zr 123. 118. 117. 12:::i. 144. 114. 
y 43. 73. 89. 89. 41. 33. 
Sr 9. 12. 7. 8. 4. 6. 
Rb 214. 210. 218. 209. 255. 225. 
Zn 40. 43. 35. 39. 46. 44. 
Cu 11. 11. 11. 13. 11. 11. 
Ni G. 5. (j, 6. 5. 6. 
Ph 27. 28. 27. 27. 28. 30. 
u 3. 2. 2. 2. 4. 2. 
Th 18. 23. 24. 20. 30. 24. 
v 2. 2. 0. 2. 2. 0. 
Cr 17. 9. 10. 14. 13. 6. 
Nd lG. 49. Gl. 51. 29. 39. 
La 16. 37. 51. 38. 22. 28. 
Ce 49. 72. 91. 74. 49. 64. 
Qz 35.9 36.4 38.3 39.5 33.3 38.1 
Cor 0.7 0.5 1.0 0.7 0.8 1.4 
Or 29.0 29.4 28.9 28.2 28.2 28.6 
Ab 31.2 30.5 28.3 27.8 34.8 29.7 
An l.(j 1.7 2.0 2.3 1.6 0.6 
Hy 1.0 0.9 1.0 1.0 0.8 0.9 
Mgtte 0.5 0.4 0.4 0.4 0.3 0.4 
lim 0.2 0.1 0.1 0.1 0.1 0.1 
Aptte 0.0 0.0 0.0 0.0 0.0 0.0 
DI 96.1 96.3 95.4 95.5 96.3 96.4 
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93431 95431 93451A 934G3A 95424 C47 
SiOz 77.94 77.70 77.74 78.24 76.53 77.70 
TiOz O.OG O.OG 0.07 0.07 0.05 O.OG 
Alz03 12.23 12.48 12.49 12.11 13.34 12.G7 
Fez03 0.93 0.98 0. !)!) 1.01 0.81 1.01 
MgO 0.04 0.04 O.OG 0.05 0.03 0.02 
CaO 0.30 0.29 0.42 0.46 0.33 0.14 
NazO 3.74 3.72 3.34 3.28 4.11 3.51 
KzO 4.75 4.71 4.88 4.77 4.77 4.84 
MnOz 0.02 0.02 0.02 0.02 0.02 0.03 
PzOs 0.0 0.0 0.01 0.0 0.0 0.01 
Ba 5. 0. 0. 71. 11. 38. 
Nb 37. 38. 35. 3G. 48. 37. 
Zr 115 .• 133. 117. 125. 144. 114. 
y GO:' 32. 89. 89. 41. 33. 
Sr 5. 4. 7. 8. 4. G. 
Rb 220. 239. 218. 209. 255. 225. 
Zn 33. 49. 35. 39. 46. 44. 
Cu 10. 11. 11. 13. 11. 11. 
Ni G. 5. 5. G. 5. G. 
Pb 27. 31. 27. 27. 28. 30. 
u 2. 3. 2. 2. 4. 2. 
Th 23. 20. 24. 20. 30. 24. 
v 2. 2. 0. 2. 2. 0. 
Cr 11. 15. 10. 14. 13. 6. 
Nd 48. 28. Gl. 51. 29. 39. 
La 36. 27. 51. 38. 22. 28. 
Ce 69. 46. !Jl. 74. 49. 64. 
Qz 37.0 37.0 38.3 39.5 33.3 38.1 
Cor 0.4 0.7 1.0 0.7 0.8 1.4 
Or 28.1 27.9 28.9 28.2 28.2 28.6 
Ab 31.7 31.5 28.3 27.8 34.8 29.7 
An 1.5 1.4 2.0 2.3 1.6 0.6 
Hy 0.9 0.9 1.0 1.0 0.8 0.9 
Mgtte 0.4 0.4 0.4 0.4 0.3 0.4 
Ilrn 0.1 0.1 0.1 0.1 0.1 0.1 
Aptte 0.0 0.0 0.0 0.0 0.0 0.0 
DI 96.7 96.4 95.4 95.5 96.3 96.4 
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ANALYSES OF MISCELLANEOUS ROCKS FROM 
THE NORTHERN ARRAN GRANITE 
1 5a 1909 1902 1912 1901 
Si02 77.08 76.99 77.88 78.25 77.15 76.22 
Ti02 0.06 0.08 0.07 0.09 0.08 0.08 
Al203 12.90 12.89 12.22 11.98 12.56 12.83 
Fe203 1.04 1.13 0. !)!) 1.22 1.06 1.41 
MgO 0.02 0.03 0.05 0.03 0.07 0.03 
CaO 0.33 0.33 0.40 0.21 0.32 0.40 
Na20 3.59 3.35 3.32 . 3.18 3.08 3.81 
K20 4.94 5.17 5.02 4.98 5.04 5.16 
Mu02 0.03 0.03 0.02 0.03 0.03 0.04 
P20s 0.02 0.01 0.02 0.02 0.01 0.01 
Ba 36. 67. 131. 347. 83. 30. 
Nb 41. 37. 32. 33. 35. 48. 
Zr 140. 121. 108. 112. 113. 195. 
y 89. 62. 87. 84. 92. 127. 
Sr 6. 7. 12. 20. 8. 5. 
Rb 217. 205. 183. 179. 211. 222. 
Zu 35. 41. 31. 32. 30. 38. 
Cu 13. 14. 13. 13. 12. 13. 
Ni 1. 3. 4. 5. 3. 4. 
Pb 30. 30. 27. 26. 29. 31. 
u 3. 2. 2. 2. 3. 3. 
Th 22. 24. 23. 21. 22. 29. 
v 5. 3. 3. 6. 3. 3. 
Cr 18. 17. 13. 7. 8. 8. 
Nd 42. 30. 39. 43. 42. 54. 
La 37. 18. 32. 34. 38. 46. 
Ce 80. 61. 69. 70. 78. 105. 
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2302 909 907 1107 1400 3 
Si02 76.87 76.48 77.62 77.04 77.28 7G.20 
Ti02 0.07 0.07 0.08 0.07 0.08 O.OG 
Al203 12.99 13.08 12.32 12.65 12.59 13.51 
Fe203 1.00 1.04 1.04 1.13. 1.18 1.07 
MgO 0.03 0.03 0.02 0.02 0.04 0.03 
CaO 0.20 0.16 0.28 0.34 0.34 0.31 
Na20 3.65 4.03 3.58 3.89 3.42 3.62 
K20 5.1G 5.06 5.01 4.81 5.03 5.17 
Mn02 0.02 0.03 0.03 0.02 0.03 0.03 
P20s 0.01 0.02 0.02 0.01 0.01 0.01 
Ba 29. 46. 290. 49. :126. 12. 
Nb 39. 31. 36. 44. 32. 41. 
Zr 130. 115. 135. 154. L16. 137. 
y 56. 28. 42. G9. 87. 44. 
Sr 5. 5. lG. 8. 21. 5. 
Rb 215. 255. 1!:18. 186. 174. 226. 
Zn 35. 42. 35. 3G. 41. 38. 
Cu 13. 12. 13. 14. 13. 14. 
Ni 3. 2. 2. 8. 2. 2. 
Ph 33. 30. 31. 34. 29. 31. 
u 2. 2. 1. 3. 1. 3. 
Th 22. 24. 22. 29. 20. 26. 
v 3. 5. G. G. 7. 6. 
Cr 7. 7. 9. 7. 10. G. 
Nd 33. 17. 29. 22. 52. 27. 
La 25. G. 14. 1G. 34. 15. 
Ce 85. 27. 51. 54. G7. 50. 
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[j 4 1904 1108 1602 1403 
Si02 7G.58 7G.50 78.74 7G.73 7G.7G 7G.50 
Ti02 0.07 0.07 0.07 0.02 0.11 0.08 
Al203 13.31 13.32 11.73 12.!)8 12.G3 13.12 
Fe203 1.07 1.12 1.05 0.!)3 1.31 1.08 
MgO 0.03 0.02 0.04 0.0 0.04 0.03 
CaO 0.31 0.39 0.21 0.0 0.40 0.33 
Na20 3.42 3.22 3.21 4.GG 3.86 3.24 
K20 5.16 5.31 4.89 4.G4 4.84 5.59 
Mn02 0.03 0.03 0.03 0.03 0.03 0.02 
P20s 0.01 0.01 0.01 0.02 0.02 0.01 
Ba 257. 0. 183. 143. 250. 70. 
Nb 41. 44. 33. Gl. 35. 34. 
Zr 137. 131. 116. 17!J. 167. 120. 
y 109. 124. 92. 47. 83. 96. 
Sr 7. 7. 11. 7. 17. 13. 
Rb 219. 234. 17G. 3!JO. 179. 185. 
Zn 39. 45. 3G. 38. 41. 28. 
Cu 13. 13. 13. 14. 13. 13. 
Ni 3. 2. 3. 4. 4. 1. 
Pb . 30. 32 . 27. 42. 28. 28. 
u 2. 2. 1. 3. 2. 2. 
Th 25. 24. 22. 34. 22. 24. 
v 3. 8. G. G. 5. 5. 
Cr 7. 8. 14. 6. 7. 9. 
Nd 50. 51. 34. 14. 39. 41. 
La 35. 46. 30. 1. 36. 37. 
Ce 7G. 54. 71. 22. 77. 78. 
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1703 1914 1915 2500 2200 1701a 
SiOz 75.87 76.83 78.28 76.37 75.33 76.70 
Ti02 0.17 0.09 0.07 0.07 ().15 0.08 
AlzOa 13.09 13.29 12.33 13.24 13.40 12.90 
Fez03 1.83 1.16 0.97 1.07 1.63 1.24 
MgO 0.12 0.04 0.08 0.02 0.07 0.03 
CaO 0.30 0.15 0.15 0.11 0.44 0.23 
Na20 3.30 3.12 3.04 3.89 3.62 3.87 
K20 5.24 5.28 5.05 5.2 L 5.29 4.89 
Mn02 0.04 0.02 0.01 0.03 0.03 0.03 
P20s 0.03 0.01 0.02 11.01 0.04 0.02 
Ba 979. 304. 331. 2!)6. 828. 459. 
Nb 32. 32. 32. 43. 33. 37. 
Zr 185. 111. 93. 110. 188. 138. 
y 85. 69. 66. 97. 93. 70. 
Sr 47. 15. 17. 13. 42. 22. 
Rb 161. 186. 182. 23!). 176. 207. 
Zn 44. 35. 30. 36. 41. 39. 
Cu 13. 13. 12. 14. 13. 13. 
Ni 2. 0. 9. 6. 9. 4. 
Pb . 25. 27. 27. 31. 27. 30. 
u 2. 1. 1. 1. 2. 2. 
Th 21. 19. 20. 28. 21. 22. 
v 9. 5. 6. 5. 8. 7. 
Cr 17. 8. 17. 13. 17. 8. 
Nd 70. 49. 38. 48. 68. 25. 
La 77. 47. 38. 37. 62. 19. 
Ce 125. 70. 58. 63. 115. 46. 
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1700a. 1401 1903 2 5 C39 
Si02 76.86 7::>.94 76.71 76.36 76.58 76.79 
Ti02 0.06 0.11 0.05 ().06 () .07 0.03 
Al203 12.97 13.25 12.94 13.41 13.31 12.95 
Fe203 0.89 1.41 1.04 0.99 1.07 0.98 
MgO 0.02 0.04 0.02 0.02 0.03 0.0 
Ca.O 0.30 0.32 0.36 0.24 0.31 0.0 
Na20 3.98 3.80 4.08 3.7G 3.42 4.65 
K20 4.89 5.07 4.75 5.12 5.16 4.57 
Mn02 0.02 0.03 0.03 0.02 0.03 0.03 
P20s 0.01 0.03 0.02 0.01 O.ol 0.02 
Ba. 10. 571. 19. 21. 39. 0. 
Nb o. 34. 49. 38. 41. 75. 
Zr 35. 1Gl. 145. 125. 134. 293. 
y 61. 98. 12tl. 43. 109. 58. 
Sr 9. 28. 3. 5. 7. 1. 
Rb 182. 185. 258. 21G. 217. 354. 
Zu 29. 39. 34. 37. 40. 40. 
Cu 12. 13. 13. 13. 13. 11. 
Ni 5. 4. 10. 8. 1. G. 
Pb 29. 30. 32. 31. 31. 33. 
u 2. 2. 3. 3. 3. 4. 
Th 21. 21. 26. 25. 23. 36. 
v 5. 7. 5. 2. 5. o. 
Cr 8. 10. " 19. 9. 6. 6. 
Nd 29. 34. 47. 28. 52. 25. 
La 15. 33. 31. 1G. 38. 14. 
Ce 21. GO. 58. 43. 71. 27. 
52 
C79 ClO Cll C17 C24 C25 
Si02 78.31 70.91 77.15 77.75 76.85 77.93 
Ti02 0.07 0.05 . 0.10 ().03 0.04 0.04 
AhOJ 12.22 12.86 12.GG 12.00 13.03 12.36 
Fe20J 0.99 1.04 1.23 0.70 0.89 0.87 
MgO 0.02 0.0 0.03 ().04 0.02 0.0 
CaO 0.10 0.23 0.35 0.12 11.18 0.18 
Na20 3.38 4.33 3.71 3.78 4.34 3.99 
K20 4.87 4.52 4.72 4.80 4.61 4.59 
Mn02 0.02 0.02 0.03 0.03 0.02 0.02 
P20s 0.01 0.02 0.03 ().{Jl 0.01 0.02 
Ba 43. 75. 528. 0. 2. 0. 
Nb 30. 37. 32. 38. 41. 34. 
Zr 99. 103. 133. 65. 123. 102. 
y 120. 83. 87. 76. 72. 59. 
Sr 7. 11. 28. G. 3. 5. 
Rb 191. 187. 182. 250. 211. 238. 
Zn 30. 31. 45. 35. 28. 35. 
Cu 11. 11. 12. 11. 11. 11. 
Ni 6. 5. 6. 4. 4. 5. 
Ph . 20. 30 . 28. 29. 29. 29. 
u 2. 4. 4. 2. 3. 3. 
Th 19. 25. 21. 23. 29. 25. 
v 2. 2. 3. 3. o. 0. 
Cr 6. 6. 11. 6. 7. 19. 
Nd 69. 33. 41. 32. 32. 34. 
La 49. 19. 30. 19. 14. 25. 
Ce 90. 29. 55. 32. 30. 49. 
53 
C46 C49 C50 C75 C76 C84 
Si02 76.89 78.05 74.10 76.98 77.24 77.60 
Ti02 0.09 0.09 0.15 0.01 0.11 0.05 
Al203 12.64 12.24 14.39 12.62 12.21 12.39 
Fe203 1.23 1.14 1.65 0.88 1.55 1.04 
MgO 0.03 0.03 0.06 0.0 0.05 0.02 
CaO 0.44 0.27 0.44 0.18 0.57 0.27 
Na20 3.61 3.13 3.62 5.03 3.75 4.15 
K20 5.02 5.01 5.46 4.26 4.46 4.44 
Mn02 0.03 0.03 0.04 0.03 0.04 0.03 
P20s 0.03 0.02 0.03 0.02 0.03 0.01 
Ba 665. 283. 1016. 0. 417. 33. 
Nb 29. 26. 29. 74. 33. 37. 
Zr 143. 141. 192. 129. 168. 99. 
y 73. 72. 96. 159. 88. 113. 
Sr 36. 19. 55. 2. 28. 7. 
Rb 182. 160. 187. 358. 184. 238. 
Zn 36. 111. 270. 30. 49. 45. 
Cu 11. 20. 23. 11. 11. 11. 
Ni 5. 5. G. 7. 4. 8. 
Pb 27. 26. 32. 39. 23. 31. 
u 3. 2. 3. 3. 2. 3. 
Th 21. 21. 17. 43. 22. 23. 
v 3. 2. 7. o. 7. 2. 
Cr 5. 7. 7. 8. 7. 6. 
Nd 34. 02. 70. 31. 65. 32. 
La 26. 40. 02. 13. 45. 21. 
Ce 63. 77. 1G9. 38. 97. 35. 
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C8G C91 C97 C100 C12G C129 
Si02 77.16 78.35 77.97 96.98 78.10 78.12 
Ti02 0.05 0.04 0.05 0.0 0.05 0.09 
Al203 12.50 12.26 12.31 1.68 12.20 11.94 
Fe:i03 1.07 0.96 1.02 ().03 1.00 1.10 
MgO 0.02 0.02 0.03 0.0 0.02 0.13 
CaO -0.36 0.09 0.12 0.0 0.17 0.27 
Na20 4.33 3.74 4.12 0.67 3.91 2.88 
K20 4.46 4.50 4.34 0.64 4.52 5.44 
Mn02 0.03 0.02. 0.03 0.0 0.02 . 0.02 
P20s 0.02 0.02 0.01 0.01 0.02 0.02 
Ba 181. 13. 212. 121. 27. 1100. 
Nb 39. 36. 49. 33. 37. 25. 
Zr 109. 91. 107. 86. 96. 112. 
y 105. 56. 105. GO. 82. 58. 
Sr 15. 6. 14. 13. 7. 45. 
Rb 222. 219. 224. 172. 219. 155. 
Zn 38. 41. 40. 39. 34. 43. 
Cu 11. 11. 11. 10. 10. 12. 
Ni 7. 5. 6. 5. G. 5. 
Pb 30. 30. 31. 23. 30. 26. 
u 3. 4. 4. 4. 3. 2. 
Th 23. 22. 30. 19. 24. 17. 
v 2. 2. 2. 1. 3. 3. 
Cr 6. 6. 6. 6. 7. 9. 
Nd 43. ) 34. 35. 22. 35. 49. 
La 26. 15. 21. 18. 19. 50. 
Cc 5G. 17. 38. 27. 41. 68. 
[;5 
'' C152 2 1 /j 5a 3 
Si02 77.82 7G.3G 77.08 7G.58 7G.99 7G.20 
Ti02 O.OG O.OG O.OG 0.07 0.08 0.06 
Al203 12.39 13.41 12.90 13.31 12.89 13.51 
Fe203 0.99 0.99 1.04 1.07 1.13 1.07 
MgO O.OG 0.02 0.02 0.03 0.03 0.03 
CaO 0.20 0.24 0.33 0.31 0.33 0.31 
Na20 3.74 3.7G 3.59 3.42 3.35 3.62 
K20 4.70 5.12 4.!)4 5.1G 5.17 5.17 
Mn02 0.01 0.02 0.03 0.03 0.03 0.03 
P20s 0.02 0.01 0.02 ().()1 0.01 0.01 
Ba 194. 0. 54. 18. 43. 0. 
Nb 35. 35. 38. 39. 35. 38. 
Zr 103. 111. 123. 117. 105. 122. 
y 64. 39. 78. 100. 53. . 39. 
Sr 15. 6. 7. 7. 7. 5. 
Rb 194. 218. 225. 219. 217. 224. 
Zn 32. 34. 34. 38. 40. 37. 
.Cu 11. 11. 11. 11. 12. 12 . 
Ni 4. G. G. G. 5. 4. 
Pb 27. 30. 29. 28. 29. 30. 
u 3. 2. 3. 3. 4. 4. 
Th 24. 23. 26. 26. 21. 24. 
v 0. 0. 0. 0. o. "3. 
Cr 6. 8. 18. G. 17. 7. 
Nd 34. 41. 56. GO. 32. 28. 
La 17. 23. 44. 4G. 19. 21. 
Ce 41. 58. 86. 90. 57. 51. 
G6 
' . 
4 98432F 98432W 98431F 98431W 5000FC 
Si02 76.50 70.69 71.52 77.18 75.49 77.01 
Ti02 0.07 0.50 0.41 ().11 0.14 0.10 
Al203 13.32 13.74 13.71 12.33 12.89 12.69 
Fe203 1.12 4.61 4.09 1.33 2.13 1.39 
MgO 0.02 0.17 0.13 0.05 0.06 0.05 
CaO 0.39 1.73 1.50 0.60 0.58 0.44 
Na20 3.22 4.28 4.3G 3.33 3.38 3.44 
K20 5.31 4.07 4.14 5.02 5.29 4.84 
Mn02 0.03 0.10 0.118 0.03 0.02 0.02 
P205 0.01 0.11 0.117 0.01 0.01 0.01 
Ba 0. 782. 732. 1035. 1233. 748. 
Nb 40. 58. 55. 22. 26. 33. 
Zr 114. 635. 530. 146. 176. 167. 
y 111. 153. 144. 52. 49. 73. 
Sr 7. 64. 63. 53. 55. 36. 
Rb 231. 183. 181. 145. 159. 177. 
Zn 46. 16f.l. lf.l2. 40. 42. 40. 
Cu 11. 12. 12. 12. 11. 11. 
Ni 6. 7. 7. 6. 5. 5. 
Pb . 30. 22. 23. 25. 25 . 27. 
u 4. 4. 4. 3. 2. 2. 
Th 19. 29. 32. 16. 17. 20. 
v 3. 24. 17. 5. 7. 7. 
Cr 9. 6. 16. 8. 7. 5. 
Nd 61. 151. 147. 65. 55. 50. 
La 45. 137. 124. 57. 50. 37. 
Ce 55. 274. 273. 124. 110. 93. 
57 
5000CC 9G401Q 9G412F 97381DF 97422F 4210 
Si02 7G.71 81.53 77.14 77.41 7G.75 77.G3 
Ti(h 0.09 0.05 ().05 0.05 0.07 0.07 
Al203 12.88 10.22 13.05 12.GO 12.9G 12.48 
Fc203 1.38 0.74 11.77 0.89 1.01 0.99 
MgO 0.05 0.04 0.04 0.04 0.04 0.04 
CaO 0.43 0.28 0.31 0.27 0.33 0.24 
Na20 3.43 2.94 3.52 3.97 3.75 3.73 
K20 5.00 4.18 5.10 4.74 5.07 4.79 
Mn02 0.02 O.oi 0.02 0.03 0.02 0.03 
P205 0.01 0.01 (J.(Jl 0.0 O.Dl 0.01 
Ba 708. 14. D. 0. 16. 0. 
Nb 31. 2G. 30. 42. 34. 40. 
Zr 153. 7G. 73. 99. 124. 133. 
y 70. 38. 39. 61. 57. 53. 
Sr 3G. 10. 8. ·5. 6. 4. 
Rb 17G. 1Gl. 209. 2()1. 209. 251. 
Zn 40. 28. 33. 40. 35. 42. 
Cu . 11. 11. 10. . 11. 10. 13 . 
Ni 5. G. 5. G. G. 5. 
Pb 2G. 2(). 31. 20. 28. 28. 
u 2. 3. 2. 4. 3. 2. 
Th 20. 10. 19. 2G. 23. 2(). 
v 3. 2. o. 2. 2. 3. 
Cr 19. 25. 12. 19. 13. 19. 
Nd 52. 28. 19. 33. 20. 48. 
La 46. 19. 15. 18. 12. 28. 
Ce 95. 45. 46. 41. 42. 74. 
G8 
4220 4410 96453AA 96453AC 4100 5010 
Si02 79.14 76.64 77.78 77.65 77.38 77.53 
Ti02 0.06 0.04 0.12 0.07 0.04 0.07 
Ah03 11.67 12.87 12.02 12.41 12.62 12.57 
Fe20a 0.88 0.85 1.26 0.90 0.80 0.97 
MgO 0.05 0.03 0.04 0.04 . 0.03 0.04 
CaO 0.31 0.07 0.31 0.26 0.30 0.31 
Na20 3.01 4.95 3.42 3.40 4.37 3.65 
K20 4.85 4.52 5.02 5.24 4.43 4.84 
Mn02 0.02 0.03 0.02 0.02 0.03 0.02 
P20s 0.01 0.0 ().(Jl 0.01 0.0 0.0 
Ba 269. 3. 170. 457. 0. 0. 
Nb 24. 84. 30. 26. 79. 36. 
Zr 98. 190. 125. 90. 99. 118. 
y 44. 32. 67. 48. 50. 43. 
Sr 20. 1. 16. 24. 12. 9. 
Rb 171. 476. 200. 196. 308. 208. 
Zn 31. 39. 37. 28. 29. 37. 
Cu 11. 11. 11. 10. 11. 11. 
Ni 5. 6. G. G. 6. 4. 
Pb . 25. 35 . 28. 27. 36. 27. 
u 4. 4. 2. 2. 4. 3. 
Th 15. 32. 22. 17. 25. 18. 
v 3. 0. 3. 2. 2. 5. 
Cr 9. 13. 14. 11. 14. 13. 
Nd 54. 10. 61. 49. 19. 30. 
La 38. 12. 39. 37. 13. 22. 
Ce 74. 5. 93. 71. 19. 68. 
59 
